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Abstract
Aerially exposed, bivalve molluscs face opposing problems of 
preventing water loss, and maintaining metabolism. Because of the 
unpredictability of emersion duration, most freshwater bivalve families 
are capable of extensive emersion tolerance. Corbicula fluminea 
(Mflller) is a relatively recent invader of freshwater and shares many 
physiological features with its estuarlne ancestors. It might be 
expected to be Intermediate in its emersion responses between those of 
more ancient freshwater forms, and those of estuarlne clams.
In air, C_;_ fluminea displayed ventilatory behaviors which were 
associated with high rates of aerial 0^ uptake and CC^ release. 
Normoxically exposed clams had bursts of heat dissipation unlike 
anoxically emersed clams. These bursts may have been associated with 
periodic aerial 0^ debt repayments. Tolerance to emersion was low (24, 
72 and 248-342h at 35. 25 and 15°C, respectively). High relative 
humidity stimulated mantle edge exposure. Clams could sense rates of 
drying and compensate behaviorally.
Although hemolymph osmolality increased twofold after 120h 
emersion, only Ca and HCO^ rose, while Na and Cl remained constant or 
declined. Na and Cl were redistributed within the clam. On 
relmmersion there were large losses of Ca and Cl, but hemolymph Cl 
remained close to control because of redistribution from cells. There 
was a progressive acidosis associated with duration of emersion, 
compensated by shell dissolution and buffering by CaCO^. Compensation 
was incomplete and hemolymph pH declined from 7.90 to 7.14 in 72h. 
Bicarbonate, PCO^ and total CO^ also rose, but ventilatory release of
vi
CO^ retarded the acidosis.
There was an Initial oxygen debt payment that increased with 
duration of emersion after 3 days exposure. Emersed clams did not 
accumulate ammonia and there was a lag time on reimmersion before 
maximal ammonia excretion rates were recorded, suggesting that clams 
can switch catabolic substrates to reduce toxic ammonia production.
Although less tolerant of emersion than other freshwater clams, C . 
fluminea is very successful because of adaptations in its life history 
strategies. Many adaptations to emersion in fluminea are 
intermediate between those of estuarlne and other freshwater clams, but 






Bivalve molluscs are highly adapted to an aquatic habitat. The
functions of gas exchange, Ion transport and feeding are all 
accomplished by gills which require water flowing over their surfaces 
It would be expected, therefore, that aerial emersion could have 
profound effects on physiological function, and yet many bivalve 
species are found Inhabiting intertidal, estuarlne and shallow 
freshwater environments where they are subject to periods of emergence 
in air.
The problems associated with emersion can be divided into two 
opposing factors. In air, clams can either shut out the external 
environment completely by valve closure, or maintain some degree of 
contact by valve gaping. The advantage of valve closure is that it
prevents excessive water loss. However, it causes reliance on 
relatively inefficient anaerobic pathways leading to acidic endproduct 
accumulation and depletion of carbohydrate stores. Gaping the valves 
while emersed allows some gas exchange to take place, maintaining a 
degree of aerobic metabolism, and the offloading of accumulated 00^. 
Thus, acid-base balance is more easily maintained, and nutritional 
stores more efficiently metabolized. However, valve gaping exposes 
moist tissues to air resulting in higher rates of evaporative water 
loss. Therefore, emersed bivalves must achieve a balance between their 
relative needs to retain water and maintain aerobic metabolism.
Much information exists on the responses of intertidal bivalves to 
emersion. In general, higher shore species which are emersed for long 
periods, gape the valves and have relatively high rates of aerial 
oxygen consumption, whereas lower shore species which are exposed for
3
relatively brief periods tend to remain closed, have low rates of 
aerial oxygen uptake, and are primarily anaerobic (Boyden, 1972a and b; 
Bayne et al. , 1977; Booth and Mangum, 1978; Widdows e_t al. . 1979; see 
review in McMahon, 1988). Gaping bivalves tend also to have higher 
rates of heat dissipation associated with valve movements and aerobic 
metabolism (Pamatmat, 1984; Shick et al. , 1986; Shick et al . , 1988).
In addition to higher rates of aerial oxygen uptake in gaping bivalves 
there is also increased CC^ release which aids in the maintenance of 
acid-base balance (Booth et al., 1984). In both high and low shore 
species CaCOj is mobilized from the shell to buffer acidosis caused by 
aerobic or anaerobic metabolism (Dugal, 1939; Crenshaw and Neff, 1969; 
Wijsman, 1975).
Periods of emersion in the intertidal habitat are characterized by 
being highly predictable in both timing and duration. Even inhabitants 
of the highest littoral environments are immersed every 6 - 8  days 
(Newell, 1979). On the other hand, the duration of periods of aerial 
exposure in shallow freshwater environments is highly unpredictable and 
may extend for weeks or months. Whereas intertidal bivalves can 
survive periods of emersion of 1 - 2 weeks (Lent, 1968; Boyden, 1972a), 
freshwater clams are known to be capable of surviving emersion periods 
in excess of a month (Collins, 1967; Hiscock, 1953; Dietz, 1974) to 
over a year (Dance, 1958). Aerial oxygen uptake has also been reported 
in some species of freshwater bivalves. The mode of gas exchange 
ranges from specialized cells in the shell of sphaeriacean clams that 
allow transvalvular gas exchange (Collins, 1967) to modified gaping in 
margaritiferan clams (Hemlng et al., 1988) and corbiculids (McMahon and 
Williams, 1984),
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Corbicula fluminea (Mtiller) is a freshwater bivalve commonly found 
in shallow lentic and lotic habitats throughout the United States 
(McMahon, 1983a). It is a member of the subclass Heterodonta; order 
Veneroida; superfamily Corbiculacea and family Corbiculidae (McMahon 
and Williams, 1984). Unlike members of other freshwater bivalve 
families (e.g. Unionidae and Pisididae) fluminea is a recent invader 
of freshwater (Keen and Casey, 1969), and retains many characteristics 
of its immediate estuarlne ancestors, such as higher blood ion 
concentrations (Dietz. 1979), and a low tolerance to aerial exposure 
(McMahon, 1979, 1983a). It also displays valve movement behaviors on 
emersion in which the leading edge of the mantle is exposed between 
slightly parted valves, which allows the clam to consume oxygen 
directly from the air (McMahon and Williams, 1984), It is hypothesized 
that C_;_ fluminea represents an Intermediate degree of adaptation to 
emergence between the highly tolerant, more ancient freshwater bivalve 
families with highly evolved modes of aerial gas exchange, and 
estuarlne species with lower tolerance of emersion and gas exchange 
characterized by periodic gaping while exposed.
This study was divided into four self-contained investigations of 
the adaptations of fluminea to emersion. The first (Chapter 2)
examines the environmental factors of temperature and relative humidity 
on emergence tolerance and water loss, also the occurrence of mantle 
edge exposure behavior and its influence on clam longevity and 
Individual rates of water loss. This paper, authored by R.A. Byrne, 
R.F. McMahon and T.H. Dietz, has been accepted by Biological Bulletin 
The second (Chapter 3) addresses the progress of change in 
extracellular ion concentrations during emersion. It also examines the
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recovery period with regard to ion fluxes and hemolymph ion 
concentrations. This has been submitted to Physiological Zoology under 
the authorship of R.A. Byrne, R.F. McMahon and T.H,Dietz, The third 
part (Chapter 4) is concerned with the acid-base consequences of 
emersion, and also examines the importance of valve movements in oxygen 
delivery and carbon dioxide excretion while emersed. This paper was 
authored by R.A. Byrne, B.N. Shipman, N.J. Smatresk, R.F. McMahon and 
T.H. Dietz. The fourth, and final portion (Chapter 5), describes 
certain metabolic consequences of aerial exposure, such as aerial 
oxygen consumption, heart rate and heat production and correlates these 
with behavioral responses. It is also concerned with some metabolic 
consequences of reimmersion, including oxygen debt payments and ammonia 
excretion. It was authored by R.A. Byrne, R.F. McMahon and T.H. Dietz.
CHAPTER TWO
Temperature and relative humidity effects 
on aerial exposure tolerance in the 




The exposure tolerance, aerial respiratory behaviors and the rates 
of water loss of the Aslan freshwater clam, Corbicula fluminea were 
assessed under three temperature conditions, 15°, 25° and 35°C, and 
five relative humidity (RH) treatments, 5%, 33%, 53%, 75% and 95%.
C. flumlnea displayed low tolerance to aerial exposure (range of 
median tolerance times; 23.8-24.9 h at 35°C, 71.4-78.2 h at 25°C and 
248.5-341.6 at 15°C). Relative humidity had no effect on median 
tolerance time except at 15°C. Body size was reciprocally related to 
water loss rate at all temperatures, and on longevity at 25° and 35°C, 
Cumulative rates of water loss at 95% and 75% Rh were lower than the 
other humidities at 15°C, but no differences were found at 25° or 35°C. 
Mantle edge exposure behavior was inhibited by low humidity and high 
temperature. Exposing mantle tissues did not increase rate of water 
loss except at humidities below which the behavior was very rare. The 
occurrence or extent of the behavior did not affect individual clam 
longevity. The results suggest that C, flumlnea can detect rates of 
desiccation and make behavioral adjustments.
INTRODUCTION
The Aslan clam, Corbicula flumlnea (MOller) is a common inhabitant 
of freshwater habitats in the southern United States (McMahon, 1982, 
1983a). Its migration to freshwater is relatively recent and evidence 
for its estuarlne past exists in its higher blood osmolality and 
different ion ratios compared to other freshwater bivalves (Dietz, 
1979). The adaptations displayed by C. flumlnea for survival in 
freshwater must be recently evolved and may have arisen from
a
estuarine/marine adaptations (Gainey, 1978). Furthermore, the 
adaptations of corbicullds are derived Independently of those of 
another major freshwater bivalve family, the unlonids.
Freshwater bivalve molluscs inhabiting shallow lentic or lotic 
habitats are subject to periodic emersion as water level drops. 
Typically, reduced water levels commonly occur during summer months 
when rainfall is lower and temperatures are higher. Emersion periods 
are not predictable In their duration or timing. As an adaptation to 
this stress, some freshwater bivalve species are capable of 
withstanding up to a year out of water (Hlscock, 1953). McMahon (1979) 
showed that survivability of C. flumlnea in air is affected by 
temperature and relative humidity. Associated with emersion are an 
array of behaviors which Include gaping or mantle exposure. This 
appears to be associated with an aerial respiratory function (McMahon, 
1979; McMahon and Williams, 1984). There is evidence that other 
freshwater bivalves can obtain oxygen directly across the valves 
(Collins, 1967; Dietz, 1974). Many Intertidal marine bivalves have 
been shown to maintain aerobic metabolism by continually gaping valves 
and allowing direct exchange of gasses with the atmosphere (Bayne et 
al.. 1976; Brinkhoff et al., 1983; Shick et al., 1986; for a review see 
McMahon, 1988). Exposure of large soft tissue surfaces to air should 
lead to water loss. Under prolonged aerial exposure conditions C. 
flumlnea must balance the advantages of maintaining an aerobic 
metabolic mode against the requirement to conserve water.
The alms of this study are to investigate the interrelationships 
of temperature and relative humidity on survivability of C. fluminea in 
air. We examined the effects of body size, and the occurrence and
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frequency of aerial respiratory behavior on water loss rates under 
these environmental conditions, We are particularly interested In the 
Interplay between the requirement of preventing dehydration which 
necessitates valve closure and the metabolic advantages of maintaining 
contacts with the external environment.
Materials and Methods
Specimens of the Asian clam, C. flumlnea, for all experiments were 
collected in June, 1985 from an outflow of Lake Benbrook, Tarrant 
County, Texas. Animals were maintained in filtered, aerated, tapwater 
at laboratory temperatures (20°-23°C), for at least one week prior to 
use. A sample of 300 animals was used for the experiments, 20 per 
relative humidity/temperature combination. Each animal was identified 
by a lightly etched number on the left valve. The etchings removed the 
outer periostracal layer to reveal the light colored mineral 
underneath. It is unlikely that the etchings would have affected gas 
permeability. Specimens were blotted dry, weighed to the nearest 0.1 
mg and placed onto a desiccator plate in desiccators maintained at the 
appropriate relative humidity and temperature.
Five relative humidities were chosen, < 5%, 33%, 53%, 75% and > 
95%. These humidities were maintained in closed desiccators (plate 
diameter 190mm) by using silica gel (< 5%), supersaturated solutions of 
MgCl2.6H20 (33%), Mg(N03)2 .6H20 (53%), NaCl (75%) and water (> 95%). 
Salt solutions used to establish the various humidity values are from 
Wexler and Hasegawa (1954). Relative humidity was measured using a 
hygrometer (Airguide) and remained + 10% of the starting value during 
the course of the experiments. The experiments were performed at 15°, 
25° and 35°C ( + 0.5°C), temperatures chosen to represent a range
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comparable with chose experienced in the environment. Field 
observations show Chat individuals of this population when aerially 
exposed lie just beneath Che surface of Che sandy subscratum, exposing 
little of the shell but around 70 - 80% of the ventral aspect of the 
valve Junction may be exposed. Under these conditions the effects of 
wind on evaporative loss are reduced and our design, which does not 
involve air movement, is appropriate.
Animals were rewelghed at approximately 3, 6 or 12 hour intervals 
for 35°, 25° and 15°C treatments, respectively. Prior to removing 
animals from the desiccators, the number of individuals exposing the 
mantle edge, a respiratory behavior, was noted, as were occasions when 
obvious quantities of fluid had been expelled. At death, the soft 
tissue was excised, dried to constant weight (> 48h, 90°C) and weighed 
The shell was blotted dry and weighed. The experiment continued until 
all animals were dead.
The total available water (total weight at beginning of the 
experiment - (wet shell weight + dry tissue weight)), was calculated 
for each individual. Water loss was expressed as cumulative percent 
water lost (100 x weight lost since the start of the experiment/total 
available water). The points on the curves of the time course of 
cumulative water loss (Figs IB, 2B and 3B) represent values for a 
standard animal of 20.3 mm shell length, being the grand mean sized 
animal. Values were derived by performing regression analyses of 
log^g shell length versus cumulative water loss at each sampling 
interval, and deriving an estimate for a 20.3 mm animal from the 
regression equation. The number of animals used for the regression 
analyses (the survivor number) ranged from 20 at the beginning to 3
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near the end of the experiments. Of the approximately 150 separate 
regressions performed, 66% were significant (p < 0,05). A significant 
size relationship to cumulative water loss was more prevalent at 15°C 
and 25°C (85 and 93% of regressions performed, respectively) than at 
35°C (33%), If no significant relationship was indicated (p > 0,05) 
then the mean water loss was utilized.
Hourly rates of water loss were calculated as the percent water 
lost/sampling interval duration and were categorized as to whether the 
animal was exposing mantle edge tissues, had closed valves or had 
expelled fluid during the sampling Interval. Analyses of variance 
utilizing a repeated measures design on transformed rates were
performed, followed by Duncan's multiple range tests to determine 
differences between temperatures. Analyses of covariance were run with 
log^g shell length as the covariate and Duncan's multiple range tests 
were performed to detect relative humidity effects within each 
temperature. Student's t-tests were performed on paired comparisons of 
water loss rates when valves were closed, when exposing mantle tissues, 
and when fluid was expelled for each animal at each
temperature/relative humidity combination. An index of individual clam 
behavior is the proportion of time a clam spends with mantle exposed 
(ME), exclusive of periods during which mantle fluid was expelled. A 
multiple regression relating clam longevity to relative humidity, 
log^Q shell length and ME was performed.
Median tolerance times (TLm or , the elapsed time to 50%
mortality) were calculated from the mortality data using the SAS PR0B1T 
procedure (SAS, Cary, N.C.). Probit analysis transforms the sigmoid 
time/mortality curve to a linear shape and, by means of linear
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regression, a mid-point or median value can be derived. Significant 
differences in median tolerance times were detected by non-overlap of 
95% fiducial limits. Other statistical tests also utilized SAS 
procedures.
RESULTS
There was a significant (p < 0.05) temperature effect on median 
tolerance time (TLm) (Table I) resulting in an approximately threefold 
increase in TLm with every 10°C decline in temperature. At 15°C, the 
TLm's at 75% and at 95% RH were significantly different (p < 0.05) from 
one another and both were higher than those at the other relative 
humidities. No such relationship of relative humidity to TLm was found 
at either of the other temperature treatments.
During emersion, C. flumlnea displayed three categories of 
behavior. The first was simply the closed condition with valves 
tightly shut, displaying no tissue directly to the environment. The 
second behavior was that described by McMahon (1979) where the leading 
edge of the mantle tissue Is protruded past slightly gaping valves so 
that moist tissue Is exposed. This mantle edge exposure behavior has 
been linked to possible aerial oxygen uptake (McMahon and Uilllams, 
1984) . Under conditions of lower relative humidity the exposed tissues 
may appear dry, or a hardened mucus may form between the parted valves 
Clams displaying these conditions also were scored as exposing mantle 
tissues. The third category of behavior was a complete or partial 
emptying of the mantle cavity water store. This was evidenced at 
higher humidities by a pool of fluid around the animal. At lower 
humidities the fluid may have dried, but evidence in the form of dried
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Table I. Median tolerance times, time elapsed (hours) to 50% mortality 
as determined by probit analysis, for Corbicula flumlnea under various 
conditions of temperature and relative humidity.
Median Tolerance Times (hours)
Relative Humidity
Temp. <5% 33% 53% 75% >95%
15°C 259.7 A 248.5 A 253.0 A 305.4 B 341,6 C
25°C 72.2 A 71.4 A 73.4 A 78.2 A 75.6 A
35°C 23.8 A 24.0 A 24.0 A 24.4 A 24.9 A
Different letters within a temperature treatment (rows) indicate 
non-overlap of 95% fiducial limits between those relative humidity 
treatments.
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natter around the animal was an indication that fluid had been 
expelled.
Mantle edge exposure was influenced both by temperature and 
relative humidity (Figs 1A, 2A and 3A). High temperature (35°C) 
inhibited exposure (Fig. 3A), whereas at 25°C and 15°C mantle edge 
exposure was controlled primarily by relative humidity (Figs 2A and 
1A). At 15°C (Fig. lA) the behavior was observed at every relative 
humidity treatment. However, the incidence of mantle edge exposure was 
inhibited at humidities of 33% or lower. At 95% RH approximately 40% 
of individuals were exposing tissue at any time. The initial incidence 
of mantle edge exposure behavior at 75% RH and 15°C was similar to that 
at 95% RH (Fig. lA). At 53% RH mantle edge exposure behavior was 
reduced and occurred in two bouts, the first during the initial 100 
hours of emersion and a second commenced after 200 hours. During these 
periods few (<20%) individuals were displaying the behavior. At 33* 
and 5% RH the incidence of the behavior was reduced even more.
At 25°C mantle edge exposure behavior, with one exception, was 
confined to relative humidities of 53% or greater (Fig. 2A>. A 
distinct correlation existed between the frequency of mantle edge 
exposure behavior and relative humidity. Fifty to eighty percent of 
individuals at 95% RH were displaying the behavior between 24 and 54 
hours of emersion. During the same period, individuals at 75% RH were 
exposing mantle 10-40% of the time, while 5-20% of those at 53% RH were 
exposing tissues.
At 35°C mantle edge exposure behavior was curtailed (Fig. 3A).
The occurrences were limited to 53% RH and above, with only single 
individuals recorded at 53%, The maximum occurrence was only 30% at
15
Figure 1. A, Time course of occurrence of mantle edge exposure 
behavior In Corbicula flumlnea under five relative humidity treatments 
at 15°C, Mantle edge exposure behavior Is quantified as the percent 
of individuals observed with mantle protruding at the close of a 
sampling interval. The abscissal scale is the same as for Fig. IB. 
Symbols represent A - >95% RH; #  - 75% RH; □  - 53% R H ;
O * 33% RH; A  * <5% RH.
B, Time course of cumulative percent body water lost for a 
standard sized (20.3 mm shell length) Corbicula flumlnea under the same 
five relative humidity treatments at 15°C as in Figure lA (symbols the 
same as Figure lA). The points represent estimations of the cumulative 
water lost for this standard sized animal based on linear regressions 
of log^Q shell length on cumulative percent water lost where these 
regressions were significant (p < 0.05, 85% were significant). Where 
regressions proved not significant mean cumulative water loss is 
recorded. The number of animals ranged from 20 at the beginning of the 
experiment to 3 at the close. The vertical bars are standard errors 
of the estimate. For clarity error bars were included at intervals. 
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Figure 2, A, Time course of occurrence of mantle edge exposure 
behavior in Corbicula flumlnea under five relative humidity treatments 
at 25°C, Mantle edge exposure behavior is quantified as in Figure 1A. 
The abscissal scale is the same as for Figure 2B. Symbols represent A 
- >951 RH; •  - 75% RH; □  - 53% RH; Q  - 33% RH; A - <5% RH.
B. Time course of cumulative percent body water lost for a 
standard sized (20.3 mm shell length) Corbicula fluminea under the same 
five relative humidity treatments at 25°C as in Figure 2A (symbols the 
same as Figure 2A) . Method for calculating curves were the same as in 
Figure IB. Approximately 93% of the size-water loss regressions were 
significant (p < 0.05), Declines in cumulative water lost were due to 
mortality.
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Figure 3. A. Time course of occurrence of mantle edge exposure 
behavior in Corbicula flumlnea under five relative humidity treatments 
at 35°C. Mantle edge exposure behavior is quantified as in Figure 1A. 
The abscissal scale is the same as for Fig. 3B. Symbols represent a - 
>95% RH; •  - 75% RH; □  - 53% RH; O  - 33% RH; A - <5% RH.
B, Time course of cumulative percent body water lost for a 
standard sized (20.3 mm shell length) Corbicula flumlnea under the same 
five relative humidity treatments at 35°C as in Figure 3A (symbols the 
same as Figure 3A). Method for calculating curves were the same as in 
Figure IB. Only 33% of size-water loss regressions were significant. 
Declines in cumulative water lost were due to mortality.
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95% RH and less at the lower humidities. The incidences of the 
behavior were reduced during the period of accelerated water loss (see 
Fig. 3B), and ceased after 21 hours emersion.
At 15°C the pattern of cumulative water loss showed a distinct 
relative humidity effect (Fig, IB). Cumulative water loss values for 5, 
33 and 53% RH cluster together and display no differences at any 
interval. The curves for these treatments are approximately linear 
throughout the experiment. The curves for 75 and 95% RH are lower than 
the other relative humidity treatments. The 75% curve was linear 
whereas the 95% curve showed an initial slow increase followed by an 
acceleration to a higher loss rate later in the experiment.
At 25°C levels of water loss (Fig. 2B) were 2-6 times those at 
15°C, Water loss levels for 5-75% RH were approximately linear and 
clustered together. At no time during the experiment was any 
significant difference (p > 0.05) found in water loss between the 
relative humidity treatments.
Cumulative water loss from clams at 35°C (Fig. 3B) was 2-3 times 
the 25°C values. Uater loss was similar for all relative humidities 
and no significant differences (p > 0.05) were found between 
treatments. The curves of cumulative water loss were non-linear, 
showing an increase after 15-18 hours exposure, leveling off at 24 
hours as mortality increased.
Overall hourly rates of water loss showed a threefold increase 
from 15°C to 25°C and a doubling from 25°C to 35°C (Fig. 4). The 
magnitude of these differences was reduced when rates of water loss 
during periods of valve closure were considered. When examining rates 
during both mantle exposure and fluid expulsion, temperature
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differences were more pronounced, in most cases. There were 
significant differences (p < 0.05) between temperature treatments for 
all relative humidities and behavioral categories except for rates when 
fluid was expelled between 25° and 35°C at 33% and 53% RH.
No significant differences (p > 0.05) in overall rates of water 
loss existed between 5% and 53% RH treatments at 15°C (Fig. 4). The
water loss rates at 75% and 95% RH were significantly less (p < 0.05)
than the rates at the lower humidities. At 25°C and 35°C no 
differences in overall mean hourly water loss rates were found between 
the relative humidity treatments.
When rates of water loss after periods of valve closure (Fig. A) 
were examined there were distinct relative humidity effects especia lly 
at 15°C. At this temperature the mean rate of water loss at 95% RH was 
only i0% of the 5% or 33% RH rate. These differences were less
apparent at 25°C where the rate at 95% RH was significantly less than
the other rates, but represented at most only a 30% reduction. At 35°C 
there was no consistent pattern of relative humidity effects on mean 
rates of water loss when valves were closed.
Rates of water loss after periods of mantle edge exposure (Fig. 4) 
showed no significant differences between relative humidity treatments 
at 25°C or 35°C, and no consistent relative humidity effect was found 
at 15°C. Similarly, rates when fluid was expelled showed no 
significant (p > 0.05) relative humidity effect at any temperature.
No significant differences were found between rates of water loss 
when valves were closed and rates when mantle edge tissue was exposed 
at 95% RH at any of the temperatures (Fig. 4). At 15°C when the mantle 
edge was exposed, the water loss rate was significantly higher than the
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Figure 4. Mean rates of water loss for Corbicula flumlnea at five 
relative humidity treatments (5%, 33%, 33%, 75% and 95%) and three 
temperatures (15°C, 25°C and 35°C), Rates of water loss are divided 
into four behavioral categories (overall average, with closed valves, 
with mantle exposed and after fluid expulsion from the mantle cav ity; 
see text). The letters A, B and C refer to results of Duncan's 
multiple range tests comparing rates between temperatures, within a 
relative humidity and behavioral category. Categories marked with 
dissimilar letters denote significant differences (p < 0.05). The 
letters W, X, Y and Z refer to results of Duncan's multiple range tests 
comparing rates between relative humidity treatments, within a 
temperature and behavioral category. Categories with dissimilar 
letters denote significant differences (p < 0.05). The asterisks 
denote significant differences (p < 0.05; paired 't' test) in mean 
rates between both the "mantle exposed" and "fluid expelled" behavioral 
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rate at 53% RH when valves were closed, whereas at 25°C the loss rate 
when mantle was exposed was significantly higher at 75% RH. Rates of 
water loss when closed and when exposing mantle tissues were not 
significantly different at 35°C, at which temperature the behavior of 
exposing mantle tissues is non-existent at relative humidities below 
53%, and is uncommon even at higher humidities. In most cases rates 
when fluid was expelled were significantly (p < 0,05) higher than when 
closed (Fig. 4). Only the rates at 15° and 5% RH were not 
significantly different.
The multiple regression equation relating longevity to relative 
humidity, log^ shell length and ME (mantle edge exposure behavior) is 
shown in Table IIA. Relative humidity had a significant (p < 0.05) 
effect on longevity at 15°C only, as would be expected from the median 
tolerance time statistics. Animal size had a significant negative 
effect at both 25°C and 35°C. No significant effect of mantle edge 
exposure behavior on clam longevity was noted at any of the 
temperatures.
Larger individuals lose water at a slower rate than smaller clams 
as there was a consistently significant (p < 0.05) negative effect of 
body size, as measured by the of shell length, on mean water loss
rate when valves were closed at all temperatures (Table I1B). There 
also was a significant effect of relative humidity at 15°C and 2 5°C, as 
would be expected from the results in Fig. 4. Relative humidity had a 
significant effect on water loss after mantle edge exposure at 15°C and 
25°C (p < 0,05).
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Table II. Multiple regression variable estimates relating Corbicula 
flumlnea aerial longevity {A) and mean water loss rate while closed 
(B), to relative humidity (RH), shell length (LSL) and average
proportion of time spent with mantle exposed (ME) (longevity only) at 
15°, 25° and 35°C.
A.
Longevity (hours)
Intercept RH LSL ME R
15°C 209.3* 0. 897* -2.6 21.7 0.22*
(99.3) (0.294) (75.6) (46.7)
25°C 122.1* 0.069 -47.1* -2.0 0.08
(26.1) (0.060) (20.1) (6.7)
35°C 41.2* 0.006 -17.0* 1.5 0. 12*
(6.4) (0.012) (4.8) (3.1)
B.
Mean water loss rate (valves closed) (% body water .hour )̂
Intercept RH LSL R2
15°C 0.959* -0.0021* -0.462* 0. 52*
(0.126) (0.0003) (0.097)
25°C 3.40* -0.0017* -2.061* 0. 36*
(0.39) (0.0007) (0.304)
35°C 4.18* -0.0024 -2 .077* 0.06
(1.22) (0.0023) (0.927)
Values in parentheses are standard errors of estimates. Asterisks
Indicate estimates significantly different from zero (p < 0.05).
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DISCUSSION
Temperature Is the major factor affecting water loss rate, 
exposure tolerance and mantle edge exposure behavior in C. flmnlnea 
under conditions of prolonged aerial exposure. The effects of relative 
humidity are less pervasive but significant. Whether water loss is 
determined as cumulative loss or mean hourly loss rates, relative 
humidity has little or no effect at 25 or 35°C. At 15°C a distinct 
mediating effect of higher relative humidities is detected. The major 
Influence of relative humidity is on the incidence of mantle edge 
exposure behavior. Although temperature is dominant in determining the 
extent of this response, within a temperature treatment, increases in 
relative humidity increase the frequency of mantle edge exposure 
behavior. This indicates that specimens of flumlnea can perceive 
desiccation and compensate behaviorally. This ability is further 
evidenced by examining rates of water loss in individuals with closed 
valves and after bouts of mantle edge exposure. Under conditions of 
high relative humidity there is no difference in rates of water loss 
within a temperature group. Significant increases in water loss rate 
occur only at relative humidities where mantle edge exposure behavior 
is transitional between being commonplace and being rare. Thus, under 
conditions where there are no adverse consequences of exposing tissues 
with regard to losing water, then the behavior is common. When water 
loss rates exceed rates when the animal has closed valves then the 
behavior is inhibited.
The occurrence of a second period of mantle edge exposure behavior 
at the lower humidities suggests additional factors become important
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When clams had lost 60-70% of body water, which corresponds to the 
total mantle cavity water store plus some hemolymph water (McMahon,
1979), a second bout of mantle edge exposure behavior Is observed. In 
all cases this behavior is displayed in individuals close to death and 
might represent a loss of muscle tone associated with a weakened 
condition. Another possibility is that it represents a final gas 
exchange event prior to complete shutdown to conserve water.
Clams that expose tissues extensively do not survive longer than 
those that remain closed for extended periods. Furthermore, there is
no relative humidity effect on median tolerance time at 25°C even
though mantle edge exposure is significantly enhanced by higher 
relative humidity. Thus the adaptive significance to mantle edge 
exposure is obscure. McMahon and Williams (1984) showed a direct 
relationship between duration of mantle edge exposure behavior and 
aerial oxygen uptake. Other experiments (Byrne, unpublished) show that 
clams prevented from gaping their valves in air have a lower median 
tolerance time than those permitted to expose tissues (at 20°C and 95% 
RH the TLm Is 154 hours when allowed to open valves, and is only 96 
hours with valves prevented from opening, p < 0.05).
There are several adaptive explanations of mantle edge exposure 
behavior, First, it is possible that gas exchange necessary for the 
maintenance of aerobic metabolism may be accomplished with little
exposure of tissues. The measurement of mantle edge exposure utilized
here is essentially a "snapshot" of behavior. There is evidence 
(Byrne, unpublished) that clams, in addition to the more constant 
mantle edge exposure behavior also perform valve movements which 
ventilate the mantle cavity. Such behaviors are relatively short in
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duration and could be missed. Secondly, being out of water, there 
would be a buildup of metabolic waste products including dissolved CO^ 
and concomitant acid-base problems as a result of reduction In gas 
exchange capability. Intermittent mantle edge exposure may aid gas 
exchange but may not significantly alter hemolymph solute 
concentrations, which might be the cause of the reduced survival time, 
Under aerial exposure conditions, blood osmolality increases threefold 
and calcium levels rise fourfold indicating mobilization of calcium 
carbonate from the shell (Byrne unpubl.). Thirdly, the behavior may 
conserve energy stores. Even the most energy "efficient" anaerobic 
pathways are far less efficient than aerobic metabolism (Hochachka and 
Somero, 1984). Although the extent of the mantle edge exposure did not 
Increase the survival time in air, the animal might have been 
conserving limited energy stores by maintaining aerobic metabolism. 
Whereas aerial survival would not be influenced by mantle edge 
exposure, subsequent abilities to resume aquatic existence would be 
enhanced in individuals that conserved substrates (McMahon, 1988).
The effect of body size on the ability to survive aerial exposure 
is two sided. There is a distinct reciprocal relationship between size 
and water loss rate. However, at 25 and 35°C there also is a negative 
relationship between individual clam longevity and size. The 
temperature effect is most severe at 3S°C whereas size dependent 
effects on water loss rates are significant at all temperatures. Thus, 
under short term conditions of aerial exposure, larger clams would have 
an adaptive advantage over smaller clams because of the larger clam's 
slower rate of water loss. The effect of body size is not significant 
after periods of mantle edge exposure suggesting that evaporative water
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loss under these conditions is a simple function of the linear size of 
the exposed mantle, an almost two-dimensional surface, rather than 
being related to a surface area of the whole clam while valves are 
closed.
When compared to other freshwater bivalves, flumlnea displays a 
low tolerance of aerial exposure, McMahon (1979) showed a somewhat 
longer aerial exposure tolerance for flumlnea than reported here,
but also found that relative humidity had an effect on median tolerance 
time at the lower temperature (20°C). Mantle edge exposure behavior 
was inhibited completely at the lower humidity (approximately 5% RH), 
but was common at the higher humidity (ca. 95% RH). The unionid 
Llgumla subrostrata could survive up to 40 days exposure under 
conditions of high relative humidity at temperatures of 22°-25°C 
(Dietz, 1974). An Australian unionid, Hyridella australis. apparently 
is capable of withstanding at least 60 days exposure at room 
temperatures (Hiscock, 1953). Sphaerlum occldentale, the fingernail 
clam, can survive aerial exposure for up to a month; the survival time 
being related to relative humidity (Collins, 1967). This species 
undergoes a period of aestivation during which the tolerance to aerial 
exposure is Increased (McKee and Hackle, 1980). Non-aestivating S 
occldentale has a median tolerance time at 20°C of 1-3 days, and 
aestivating clams 8-34 days, the range controlled by relative hum idity. 
The record for exposure endurance is held by the African unionid, 
Aspatharla petersi, which has been reported to survive over a year out 
of water (Dance, 1958),
The lower tolerance of C_̂  fluminea to exposure is similar to that 
of more marine/estuarine species. Median tolerance times for
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Cerastroderma edule at high relative humidity range from 129 h at 15°C 
to 9.5h at 35°C (Boyden, 1972a). These values are lower than those of 
C . flumlnea. but represent an extended tolerance when compared to less 
often exposed marine bivalves. Cerastroderma glaucum, found 
subtidally, has TLm's of 86.7, 42 and 9.7 h at 15, 25 and 35°C, 
respectively (Boyden, 1972b). Cerastroderma edule gapes almost 
continuously when emersed and can survive 42.9% of tissue water loss, 
whereas C_̂  glaucum remains closed on exposure and can withstand only 
33% tissue water loss (Boyden, 1972b), However, the high intertidal 
bivalve Modiolus modiolus air gapes while emersed and has a TLm of nine 
days in air at 24.5°C (Lent, 1968). Survival time is associated with 
the volume of oxygen present in the atmosphere. Desiccation is an 
unavoidable side effect of an aerial respiratory adaptation (Lent,
1968).
Pulmonate snails represent a group of molluscs which have adapted 
to a range of habitats from completely terrestrial to obligate aquatic 
(McMahon, 1983b). Length of survival in air has been found to depend 
on the rate of water loss from the snail (Machln, 1975). Tolerance of 
a high loss of body water results in Increased tolerance times. 
Blomphalarla glabrata can withstand 70% reduction in total body water 
and has a TLm of 64 days at 27°C at 96%RH (von Brand, et al., 1957). 
There are sharp distinctions of TLm between relative humidity 
treatments ranging down to 2,8 days at 15% RH (von Brand et al,, 1957) 
Melampus bidentatus can lose up to 78.5% of its body water (Price,
1980) and there is a major effect of body size in that larger snails 
can withstand in excess of 14 days exposure at 20°C and 97% RH whereas 
Juvenile snails cannot survive 12 hours emersion without free water.
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C . flumlnea when aerially exposed under conditions of low humidity 
may form a hardened mucus between slightly parted valves. This is 
superficially similar to the eplphragm sometimes produced by estivating 
stylommatophoran snails which is thought to function In retarding 
evaporative water loss by reducing convective movement of air over 
moist tissues (Machln, 1975) . The hardened mucus may perform a similar 
function in flumlnea while also allowing a diffusive contact with 
the environment for gas exchange purposes.
It has been noted previously (McMahon, 1979, 1983a; McMahon and 
Williams, 1984) that (T_ flumlnea, because of Its relatively recent 
history In freshwater, displays physiological and behavioral 
adaptations that seem to be intermediate between those of more ancient 
freshwater forms such as the unionids and sphaerilds, and its estuarine 
and marine relatives. Its blood osmolality is higher, and the major 
hemolymph ions differ from those of unionids (Dietz, 1979), McMahon 
and Ullllams (1984) suggested that the respiratory adaptation to aerial 
exposure is intermediate between the continual gaping of some 
intertidal bivalves (e.g. Cerastroderma edule) and the closed valve 
response of unionids, or the transvalvular gas exchange capabilities of 
some sphaerilds. This Intermediate nature also is evidenced in this 
study by the lower exposure tolerances found for this species when 
compared to most other freshwater bivalves, and the higher tolerance 
than that reported for most of estuarine/lntertldal lamellibranchs.
There are two major problems facing a clam that has been exposed 
in air. Firstly, there is the problem of maintaining metabolism and 
homeostasis without the normal modes of waste excretion, gas exchange 
and Ion regulation. Secondly, there Is the loss of fluid either by
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passive surface evaporation or by active expulsion. Loss of 
nutritional opportunities frequently is regarded as not very 
significant owing to the overriding importance and immediacy of the 
other factors. However, in the case of flumlnea, carbohydrate 
stores are limited (Williams and McMahon, 1985) and prolonged emersion 
might cause severe carbohydrate depletion. Preserving water stores 
necessitates maintaining closed valves and preventing contact with the 
external environment. Ameliorating internal conditions in the face of 
declining oxygen tensions, increasing carbon dioxide tensions and 
increasing concentrations of metabolites requires some gas exchange 
with the environment and the consequent exposure of living tissues to a 
more or less arid atmosphere.
Corblcula flumlnea possesses adaptations which enable it to 
survive periods of emersion longer than its estuarlne relatives. 
Apparently C_̂  flumlnea can detect the loss of water and modify its gas 
exchange behavior accordingly. It can withstand a loss of up to 60ft of 
its available water; however, it does not display the capabilities of 
some unionid species to withstand very long periods of aerial emersion. 
Unlike the marine and estuarlne environments, freshwater animals may 
experience periods of emersion that are unpredictable either in timing 
or duration. Some unionid clams, with their long history in 
freshwater, appear to have evolved adaptations enabling them to 
withstand protracted exposure. flumlnea in its own adaptations
shows interesting modes of prolonging existence out of water. These 
adaptations, including the modification of the "gaping" behavior in 
response to temperature and relative humidity may be regarded as 
intermediate in nature between those of more ancient freshwater and
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estuarlne forms, but might also be looked upon as novel adaptations to 
a new environment by a relatively recent Invader,
CHAPTER THREE
The effects of aerial exposure and subsequent reimmersion 
on hemolymph osmolality, ion composition and ion flux 




Hemolymph osmolality increased twofold after 120h aerial exposure 
at 95% relative humidity and 25°C and was correlated with water loss 
(r-0.83). Blood sodium and chloride levels remained approximately 
constant throughout the period of aerial exposure. Calcium increased 
threefold over 120h emersion and was correlated with osmolality 
(r-0.86). Unmeasured solute (presumably HCO^) also increased. On 
reimmersion, osmolality returned to normal within 6h. Sodium and 
chloride levels were lower than controls after three days exposure and 
returned to control levels between 2 - 6  hours reimmersion. Hemolymph 
potassium and calcium concentrations dropped within 6h to control 
levels. Net ion fluxes in the first hour of resubmersion were high and 
negative. Calcium and chloride initial net fluxes were highest at 
-41.6 + 4.0 (mean + s.e.) and -23.9 + 3.8 |ieq(g dry tissue x h) \  
respectively. Sodium and potassium were -6.5 + 2.2 and -0.9 + 0.2, 
respectively. Except for Ca, net ion fluxes decreased exponentia lly 
and by 36h were not different from zero. There was no effect of aerial 
exposure on initial unidirectional sodium fluxes. Chloride efflux 
Increased while influx was not affected. Aerial exposure stimulated 
the excretion of base equivalents on re immersion. Kidney function may 
continue while clams are aerially exposed. Sodium and chloride may 
redistribute between intra- and extracellular space during emersion, 
and be redistributed on relmmersion. Calcium and its anion were 




When aerially exposed, bivalve molluscs face the problem of 
preventing excessive water loss, while maintaining respiratory exchange 
and cellular metabolism. Many intertidal bivalves maintain aerobic 
metabolism by gaping valves and exposing tissues to the atmosphere 
thereby accomplishing gas exchange (McMahon, 1988, for review). Such a 
behavior can result in increased rates of water loss, but any loss 
would be replenished during the next tidal cycle. Freshwater bivalves, 
on the other hand, inhabit environments subject to frequent periods of 
drying, which are unpredictable in timing and duration. Under these 
conditions, clams must be able to withstand longer periods of aerial 
exposure. Indeed, exposure tolerances in excess of one year have been 
reported for an African unionid, Aspatherla petersl (Dance, 1958).
The Aslan freshwater clam, Corbicula flumlnea (Milller) , is 
commonly found in shallow lentic and lotic habitats throughout the 
United States (McMahon, 1982). It Is a relatively recent invader of 
freshwater and shares many characteristics with estuarlne members of 
the family Corbiculldae. Its hemolymph osmolality is higher and its 
major ions are different from those of unionid clams (Dietz, 1979), a 
family which Invaded freshwater millions of years earlier (Keen and 
Casey, 1969). For these reasons. flumlnea is an interesting model 
in that its adaptations to freshwater appear to be intermediate between 
those of estuarlne and other freshwater clams.
Although there have been a number of studies on respiratory 
adaptations to aerial exposure (McMahon, 1988), there have been few 
reports on the effects of emersion on hemolymph ion content or on the
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pattern of recovery upon relmmersion. Most of these studies concern 
marine intertidal bivalves and have concentrated on the acid-base 
consequences of exposure and the roles of calcium and bicarbonate ions 
in the hemolymph and extrapallial fluids (Crenshaw and Neff, 1969; 
Crenshaw, 1972; Akberali et al., 1977; Booth and Mangum, 1978; Booth et 
al. , 1984; Jokumsen and Fyhn, 1982).
Studies of the effects of prolonged aerial exposure on the Ionic 
composition of body fluids of freshwater bivalves have been very few. 
Hemolymph ion concentrations change in the unionid, LIgumla subrostrata 
upon aerial or N£ exposure (Dlecz, 1974; Silverman et al., 1983), 
However, no studies have examined hemolymph ionic adjustments or rates 
of ion loss or gain following relmmersion. For freshwater bivalves, 
hemolymph osmolalities are among the lowest reported (Dietz, 1979; 
Burton, 1983) , but extended periods of aerial exposure cause hemolymph 
osmolality to Increase two fold (Dietz, 1974).
In this study, we examined the changes and their time course in 
ion concentrations in the hemolymph of C_̂  flumlnea over periods of 
emersion and determined their fluxes on relmmersion.
MATERIALS and METHODS 
Specimen Collection and Maintenance
Specimens of flumlnea were collected from the southern shore of 
Toledo Bend Reservoir on the Texas - Louisiana border and maintained In 
the laboratory in artificial pondwater (Dietz and Branton, 1975) for at 
least one week prior to experimentation. An identifying number was 
etched on a valve of each experimental animal and each clam was weighed 
(to the nearest mg) prior to experimentation. Animals, supported on
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plastic racks in sealed storage containers, were exposed to air at 25°C 
The containers held distilled water to maintain relative humidity 
near air saturation. After various periods of aerial exposure, animals 
were reweighed to determine water loss. The total water weight (total 
weight at the beginning of the experiment - (dry tissue weight + wet 
shell weight)) and the percent body water loss (100 X water los s/total 
water weight) were calculated. Dead or unhealthy clams displaying 
abnormally high water loss rates were eliminated from experimentation 
and data analysis. Clams of uniform size (15-25 mm shell length) were 
chosen to minimize size effects on exposure tolerance and water loss 
rate. At the end of the experiments, ^he dry tissue weight and wet 
shell weight of each individual were measured.
For determination of ion accumulation with aerial exposure, the 
duration of emersion was less than 156 h. The median tolerance time 
for flumlnea under these conditions of temperature and relative 
humidity was approximately 72 h (Byrne et al., 1988), Hemolymph ion 
composition during recovery on relmmersion was determined for clams 
aerially exposed for between 48 and 96 h.
Ion accumulation during aerial exposure
One hundred specimens were aerially exposed. Samples of 3-6 
individuals were removed at timed intervals of 3 h for the first twelve 
hours of exposure, six hours from 12 to 24 hours of exposure and 
approximately every 12 h thereafter. The experiment continued for 156 
h until all individuals were sampled or had died of air exposure.
After reweighing each clam, a hemolymph sample of approximately 500 pi 
was drawn by pericardiac puncture (Fyhn and Costlow, 1975). In the
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latter stages of emergence only 300 - 400 pi of hemolymph could be 
collected. Hemolymph samples were centrifuged at 6000 x g for five 
minutes to remove cell debris. Their osmolality was determined by 
freezing point depression using a MicroOsmette (Precision Systems). 
Calcium concentration was analyzed by atomic absorption 
spectrophotometry on samples diluted with 5% LaO^ and 1% HC1. Sodium 
and potassium concentrations were determined by flame photometry on 
diluted samples. Chloride concentrations were measured with an Aminco 
chloride titrator.
Net ion fluxes on recovery from aerial exposure.
Thirty-six specimens of flumlnea were aerially exposed at 25°C
under conditions of near 100% relative humidity as described above. 
After 2 and 4 days aerial exposure, a subsample of 12 Individuals was 
removed and each clam was placed in an individual container to which 40 
ml of artificial pondwater was added. Once the animals commenced 
siphoning activity, a 10.0 ml bath sample was taken and designated as 
the time zero sample and 10.0 ml pondwater was added as replacement 
volume. Samples were taken at 2, 8, 24 and 48 h intervals The 
bathing medium was completely replaced after the 6 and 24 h sampling 
for the two day exposure animals, and after the 2, 8 and 24 h samples 
for the four day exposure individuals. There was some mortality during 
the relmmersion period. Data from these dead animals were used only 
for samples taken at least two sampling Intervals prior to death.
The net ion flux for each tested ion was determined between 
adjacent samples. Total change in micromoles of the ion was calculated 
from the change in the concentration of the bath samples and expressed
as a weight specific flux (pEq (g dry tissue, h)
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Hemolymph Ion changes on recovery from aerial exposure.
Sixty specimens of flumlnea were exposed aerially at 2S°C for 
three days and then placed in approximately 8 1 of aerated artificial 
pondwater. Five specimens were randomly sampled at 0, 0.5, 1, 2, 6,
11, 24, 48 and 72 hours post-immersion. Hemolymph samples were drawn 
by pericardiac puncture and analysed for ion concentrations. The 
bathing medium was replaced after 6 and 24 h. The hemolymph ion 
concentrations of five individuals maintained in pondwater throughout 
the experiment were also sampled as a control.
Sodium and chloride transport on recovery from aerial exposure.
Eight specimens of flumlnea were aerially exposed for three
days for each of the ion transport experiments and another eight
specimens, acclimated to pondwater, were used as a control. Ion fluxes
were determined to show any immediate effect of relmmersion. Clams
were placed in individual containers with 40.0 ml pondwater containing 
22 36Na or Cl and approximately 0.4 mM Tris to stabilize pH at pH 7.0.
Samples of bathing medium were taken after clams had commenced
siphoning and one hour later. Samples were analyzed for sodium
concentration by flame photometry, or chloride concentration by
electrometric titration. Isotope activity was measured by liquid
scintillation spectrometry. Specific ion net flux (J ) wasnet
determined by the change in bath ion concentration over the hour 
incubation period. Ion Influx (J^n) was determined by monitoring the 
disappearance of Isotope from the bathing medium (Dietz, 1979). Ion
k2
efflux (J ) was calculated as J - J. - J Significantout out In net 0
differences between the mean fluxes of aerially exposed clams and 
control clams were determined by Student 't*-tests with a significance 
level of p < 0.05.
Excretion of titratable base on reimmersion after aerial exposure.
Ten clams were aerially exposed for three days as described above, 
and ten pondwater acclimated animals were used as a control. Clams 
were placed in 50.0 ml artificial pondwater with approximately 0.4 nH 
Tris added to stabilize pH at 7,0. Once clams commenced siphoning 
activity, a 10.0 ml sample of bathing medium was taken; another sample 
was taken one hour later.
For each alkalinity measurement, 10.0 ml of bathing medium was 
sonicated for 1 minute to remove dissolved CO2 . The sample was 
titrated to pH 3.8 with 3,988 mM H2S0^, The number of uEq of acid 
required to perform the titration was noted and then expressed as a 
weight specific flux: pEq base titrated (g dry tissue, h)*^. As Tris 
buffer had been added to the bathing medium at the beginning of the 
experiment, a correction factor of a blank titration was determined and 
values adjusted accordingly. Mean values were statistically compared 
using a Student's 't'-test.
RESULTS
Aerial exposure and hemolymph ion concentration.
Hemolymph osmolality increased with increasing duration of aerial 
exposure (Fig. 1), Osmolality doubled from 60 to 120 mOsm/kg during 
120 h of exposure. After 120 h emergence, the rate of osmolality 
Increase was further elevated. This pattern of increase in hemolymph
43
Figure 1. Time course of hemolymph osmolality, percent water loss and 
hemolymph ionic changes in Corblcula flumlnea when aerially exposed at 
25°C and 95% relative humidity. Each point represents a mean value and 
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osmolality was highly correlated with total percent water loss values 
(r - 0,83, df - 39, p < 0,05) (Fig, 1), However, water loss was only 
10% of total water over the first 90 h of emergence, after which water 
loss sharply Increased with a mean of 38% water loss achieved after 156 
h of emergence. The relatively large standard errors of mean water 
loss (Fig. 1) are attributed to high levels of individual variation in 
percent water loss during prolonged air exposure and suggest individual 
differences in patterns of water loss.
Hemolymph concentrations of both sodium and chloride did not 
significantly Increase with duration of exposure (Fig. 1) . The 
concentrations of neither ion were correlated with hemolymph osmolality 
(Na; r — 0.18; Cl: r — 0.06; df — 39; p > 0.05), Sodium concentrations 
remained within 2 - 3  mM of a mean value of 27 mM/l over the first 130 
h of emergence, despite a greater than two-fold increase in hemolymph 
osmolality and a loss of 33% of total water over the same period.
Levels of potassium in the hemolymph (Fig. 1) were approximately 1 mM/l 
over the first 80 hours of emersion. Thereafter, levels rose to a mean 
of approximately 5 mM/l after 156 hours air exposure. Large standard 
errors of mean potassium concentrations indicated extensive individual 
variability in potassium levels after 80 hours exposure corresponding 
to a similar increase in the variability of percent water loss. The 
correlation between potassium levels and osmolality was significant (r 
- 0.60; df - 39; p < 0.05) due mainly to the increase in potassium 
concentration during the latter stages of emersion (Fig. 1),
Hemolymph calcium levels showed a gradual increase over the 
emersion period, rising from 12 mM/l to 30 - 40 raM/1 after 100 h 
exposure (Fig. 1). Although individual variability was high, there was
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a strong correlation between calcium concentration and osmolality (r — 
0.86; df - 39; p < 0.05),
Hemolymph Ion concentrations during aquatic recovery.
After three days aerial exposure, mean osmolality increased 
significantly (p <0,05) from 61 to 81 mOsm/kg (Fig. 2A). Again, sodium 
and chloride did not contribute measurably to this osmolality increase 
(Fig. 2A). Instead, osmolality increase was due to calcium and "other" 
ions, presumably HCO^, Upon relmmersion, the osmolality returned to 
pondwater control levels within 2 - 6 h (Fig. 2A). During this period, 
levels of calcium and "other" ions returned to pondwater control 
values.
Sodium levels decreased significantly (p < 0.05) over the period 
of aerial exposure (Fig. 2B). Upon relmmersion there was a further 
decline in sodium concentration during the first two hours followed by 
a sharp significant Increase to control levels after 6 h reimmersion. 
Hemolymph chloride concentration declined significantly (p < 0.05) from 
29.3 to 25.0 mM/l over the three days of aerial exposure (Fig. 2B). 
During the first two hours of recovery, chloride levels decreased 
significantly to 20.1 mM/l. There was then a sharp significant rise in 
chloride at 6 hours relmmersion to 29.9 mM/l, not significantly 
different from control levels (p > 0.05) (Fig, 2B). Subsequently, 
chloride levels declined, but remained close to those of pondwater 
controls.
Variation in hemolymph sodium and chloride concentrations were 
markedly different from those observed in potassium and calcium. 
Potassium levels rose significantly during the course of aerial
kl
Figure 2. Effects of aerial exposure and subsequent aquatic recovery 
on hemolymph osmolality and ionic concentrations in Corbtcula flumlnea,
A. The total height of each bar represents hemolymph osmola U p ­
values at time zero are for clams aerially exposed for three days. 
"Other" ions were calculated as the difference between hemolymph 
osmolality and the sum of the concentrations of the measured ions.
Note that calcium and "other" ions are responsible for most of the 
changes both after emersion and during aquatic recovery. C - pondwater 
acclimated controls.
B. Effects of relmmersion after three days aerial exposure for 
selected ions in the hemolymph of Corbtcula flumlnea. Values are means 
± SEM; n — 5 in each case. For each of the four ions, the asterisks by 
the points indicate significant difference as compared to control (C) 
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exposure from 0.68 to 0.94 mM/l (Fig. 2B). On relmmersion, potassium 
concentrations declined significantly (p < 0.05) to 0.59 mM/l within 
0.5 hour. Subsequently, K concentrations remained around 0.6 mM/l for 
11 hours, but rose significantly up to 0,9 mM/l by 72 hours 
relmmersion. Calcium levels increased significantly (p < 0.05) over 
the course of the three day exposure period (Fig. 2B) from 7.75 mM/l to 
25.6 mM/l. Over the first 6 hours of recovery, calcium levels in the 
hemolymph declined significantly to almost 8 mM/l. Thereafter, 
concentrations were never significantly different from controls.
Net ion flux on recovery
There were no significant differences between net fluxes of ions 
from animals after two and four days aerial exposure (p > 0.05), 
therefore data from both experiments were pooled for further analysis 
(Table 1). The net ion flux over the first 5 h of aquatic recovery 
showed a loss of all four ions measured from the clams. Ion losses 
were rapid during the first hour, followed by adjustment close to 
control animals by 16 hours relmmersion. Net fluxes for calcium were 
high during the first hour, corresponding to a rapid drop in hemolymph 
calcium concentrations (Fig. 2B). The subsequent reduction in the loss 
of calcium was mirrored by a slowing of the decline in hemolymph 
calcium concentration. The pattern of potassium fluxes appeared less 
precipitous than that of calcium (Table 1), but ionic levels in the 
hemolymph are much lower for this ion (Figs. 1 and 2B).
Although sodium and chloride were not accumulated significantly in 
the hemolymph during aerial exposure (Figs. 1 and 2B), there was a 
significant net negative flux of these ions immediately upon
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Table 1. Net ion flux (peq.(g dry tissue, h) )̂ ( + standard error, n 
in parentheses) in Corblcula flumlnea for various ions on resubmergence 
after 2 to A days exposure to near vater saturated air. As there were 
no significant differences between 2 and 4 day aerial exposure, the 
data were pooled.
Aquatic Recovery Time (hours)
Ion 1 5 16 36
Cl -23.9 + 3.8 -4.6 + 2.2 2.9 + 1.3 -0.2 + 0.5
(20) (20) (19) (19)
Na -6 .5 + 2.2 -0.7 + 0 .6 0.5 + 0.3 -0.0 + 0.3
(20) (20) (19) (19)
Ca -41.6 + 4.0 -13.3 + 1.5 -5.6 + 0.8 -3.4 + 0,7
(20) (20) (19) (19)
K -0.9 + 0.2 -0.6 + 0.1 -0.2 + 0.1 -0.1 + 0.0
(20) (20) (19) (19)
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relmmersion (Table 1). Initial chloride net efflux was approximately
four times that of sodium. This elevated loss of chloride was
maintained over the first 16 hours of relmmersion, after which net
fluxes were similar for both sodium and chloride ions (Table 1)
The Initial unidirectional fluxes of chloride also show a
significantly (p < 0.05) Increased negative J over control (Tablene t
2). This was accounted for by an Increase in J , while J, wasJ out in
similar in exposed and control clams. Initial net fluxes for sodium
were similar in clams exposed for three days and control animals (p > 
0.05) (Table 2) and were slightly positive. The efflux and influx of 
sodium were not significantly different from control. Titratable base 
excreted in the first hour increased threefold in clams reimmersed 
after three days aerial exposure and was significantly (p < 0.05) 
higher than clams acclimated to pondwater (Table 2) ,
DISCUSSION
The hemolymph osmolality of Corbicula flumlnea. when exposed in
air, rose at least two-fold before animals displayed any mortality.
Calcium became the predominant cation in the hemolymph during emersion 
as a response to acid-base perturbations. Sodium and chloride declined 
slightly during emersion and seemed to function in intracellular volume 
regulation. On relmmersion, hemolymph ionic composition returned to 
control levels quickly, accompanied by a large loss of calcium, 
chloride and presumably bicarbonate. The source of sodium and chloride 
entering the hemolymph on re immersion is not from ion transport from 
outside the animal, but seemed to originate from Ions sequestered in 
the cells or other body sites during emersion.
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Table 2. Effect of aerial exposure for three days at 25°C and 95% 
relative humidity on initial sodium and chloride transport and 
tltratable alkalinity on relmmersion in Corbtcula flumlnea.
fiEq (g dry tissue, h) ^
Sodium n J J. J------------------- net in out
Pondwater control 8 0.14+1,65 9,93+1,17 9 . 7 9 + 1
Aerially exposed 8 0,21 + 1.10 8.58 + 1.38 8.37 + 0
Chloride
Pondwater control 8 -1.12 + 1.74 12.63 + 2.04 13,75 + 3
Aerially exposed 8 -22.32 + 8.20* 13.60+2.27 3 5 . 8 5 + 8
Tltratable
a l k a l i n i t y
Pondwater control 10-10.37+3.56 





Asterisks indicate significant difference from control ('t'-test; p < 
0.05).
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The unionid, Llgumia subrostrata. can survive an approximate 
doubling of its hemolymph osmolality when exposed to air of A5 - 55% 
relative humidity, at 25°C for 6 - 1 0  days, and up to AO days in high 
relative humidity (Dietz, 1974). Sodium, chloride and calcium were 
found to be the major Ions responsible for the increase in solute 
concentration in Llgumia (Dietz, 1974). The only measured Ion that 
accounted for a sizeable fraction of the increase in solute 
concentration in flumlnea during aerial exposure was calcium.
Mobilization of calcium, presumably from the shell, during periods 
of hypoxia to buffer anaerobic acidosis is well known in molluscs. 
Collip (1920) reported that calcium levels in the body fluids of Mya 
arenarla rose during aerial exposure. Dugal (1939) showed that when 
the Intertidal bivalve Mercenarla mercenarla Is emersed, CO^ levels in 
the hemolymph increased and calcium concentrations also rose, but to a 
greater level, suggesting metabolic acid formation. Using radiolabled 
Ca, Crenshaw and Neff (1969) demonstrated that the rise in calcium 
during aerial exposure was from the shell and that the presence of 
succinate was responsible for its mobilization. It was later shown 
that calcium is liberated into the extrapalllal fluids and, from there, 
appears in other extracellular fluid compartments, such as hemolymph 
(Crenshaw, 1972) ,
The Increase in hemolymph levels of calcium in bivalve molluscs 
has been attributed to an acid-base buffer function. Upon hyposmotic 
shock, clams shut the valves for extended periods and become hypoxic 
during which time calcium and pH rise (Akberali et al., 1977).
Although the products of anaerobic and aerobic metabolism resulted in a 
decrease in pH, a sufficient Increase in calcium, or other strong
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cation, resulted In an Increase In pH. When valves were reopened and 
ventilation recommenced, calcium levels declined (Akberali et al. , 
1977). However, Booth et al. (1984) did not find any substantial 
Increase In calcium levels In the hemolymph of Mytllus edulls during 
aerial exposure. This was attributed to a predominantly aerobic 
metabolism while emersed and a release of CO^ outside the animal.
Hence, as pH did not substantially decrease, mobilization of calcium as 
a buffer for respiratory or metabolic acidosis was not required.
However, under conditions of extended (6 days) aerial exposure, P in
2
the hemolymph of Mytllus edulls and Modiolus modiolus rises along with
a decrease In pH (Jokumsen and Fyhn, 1982), Calcium levels also
Increase and are highly correlated with hemolymph P (Jokumsen and
2
Fyhn, 1982).
The rise in hemolymph calcium observed In Ĉ _ flumlnea Is
consistent with an acid-base function. Although C_̂  flumlnea can
respire aerobically when aerially exposed (McMahon and Williams, 1984)
and may indeed rely on aerobic metabolism for over 90% of Its energy
needs when emersed (McMahon and Ellington, unpubl.), It would be
difficult to unload CC>2 from body fluids under these conditions.
Hence, an Increase In P would result and a decrease in pH followed
2
by a concomitant release of CaCO^ to buffer the acidosis.
In unionid clams, part of the calcium released from the shell 
during periods of hypoxia is reclaimed by calcium phosphate concretions 
located In the gills (Silverman et al., 1983). Such gill concretions 
have not as yet been demonstrated in C_̂  flumlnea gills (Silverman, 
pers. comm.). In the absence of a calcium sequestering mechanism, 
shell calcium released into the hemolymph during emersion is likely to
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be lost from the animal upon relmmersion. Under aquatic hypoxic 
conditions, unionid clams have an increased net loss of calcium to the 
environment (Dietz, pers. obs.) and also an increased hemolymph calcium 
content (Dietz, 1974; Silverman et al., 1983). Part of the base 
excreted by control clams in this study is presumably bicarbonate.
Uhile aerially emersed there is not the normal flow of water over body 
surfaces. Therefore calcium accumulates in the hemolymph as shell 
calcium salts are solubilized to buffer anaerobic production of 
protons.
There are few published accounts of hemolymph ion changes, except 
for calcium and bicarbonate, during aerial exposure or aquatic hypoxia 
in bivalves. The freshwater L__ subrostrata when aerially exposed 
increases the hemolymph concentrations of sodium and chloride 
proportionately with duration of exposure (Dietz, 1974). Chloride 
levels were monitored in Mytllus edulls and Modiolus modiolus during 
emersion as an index of evaporative water loss (Jokumsen and Fyhn, 
1982). It was presumed that any changes in hemolymph chloride were due 
to a passive concentration of body fluids. Chloride levels remained 
steady initially and gradually rose over the emersion period, but were 
always ten times less than calcium concentrations (Jokumsen and Fyhn, 
1982). While under anoxic conditions, sodium levels in the hemolymph 
remained constant over time in the intertidal bivalve, Scroblcularla 
plana. while calcium levels continue to rise (Akberali et al., 1977).
Sodium and chloride do not play a major role in acid-base 
maintenance while the animal is emersed and calcium is the principal 
strong cation (sensu Stewart, 1981) mobilized to resist the decrease in 
pH. However, sodium and chloride levels are closely regulated during
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emersion periods as shown by the lack of correlations between sodium or 
chloride levels in the hemolymph and percent water loss. Although 
mantle cavity water in C_̂  flumlnea constitutes approximately 50% of the 
total water (HcMahon, 1979) and values of percent water loss did not 
exceed this value, it is unlikely that water was lost solely from 
extracorporeal sources and that the constancy of the sodium and 
chloride concentrations in the hemolymph was due to the maintenance of 
the hemolymph volume at the expense of the mantle cavity fluid volume. 
First, mantle cavity fluid sampled Immediately upon emersion has an 
ionic composition indistinguishable from hemolymph (Byrne, unpubl.). 
Hence, the mantle cavity becomes an ionic extension of the hemolymph 
and evaporative water losses from the mantle cavity would result In a 
passive increase in the ionic concentration both of the mantle cavity 
fluid and the hemolymph. Second, flumlnea is not a good 
hyperosmotic regulator (Gainey and Greenberg, 1977) , and a rise in the 
osmotic concentration of the mantle fluid would withdraw water from the 
hemolymph, thereby concentrating it. Third, although no measure of 
hemolymph volume was attempted, as withdrawing hemolymph samples during 
the latter stages of the experiment was difficult, It is reasonable to 
assume that hemolymph volume was declining.
Since it is likely that water is lost both from the mantle cavity 
fluid and the other body fluid compartments of the clam, including the 
hemolymph, there must be some regulation of sodium and chloride levels 
In the hemolymph. A redistribution of ions between the intra- and 
extracellular compartments such that sodium and chloride may be shunted 
to the intracellular space to preserve cell volume. In addition, the 
kidney may continue to function during emersion. Continued cardiac
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activity on emersion has been reported for other bivalves (Helm and 
Trueman, 1967; Coleman, 1976; Booth and Mangum, 1978; Dietz and 
Tomkins, 1980; Depledge, 1963) and has been observed In flumlnea 
(Byrne, unpubl,). It follows that ultrafiltration through the 
pericardium also continues, and that a limited renal function is 
maintained. The urine produced would be excreted to the suprabranchial 
space and the mantle cavity. The quick rise in hemolymph sodium and 
chloride to control levels of these ions during an osmotic Influx of 
water and a loss of calcium and potassium would tend to suggest that 
there is some internal store of sodium and chloride that is mobilized 
upon rehydration.
On relmmersion there is an immediate and large loss of calcium 
from the clams to the medium, allowing hemolymph levels of calcium to 
reach control values within 2 - 6 hours. However, clams do not reach a 
steady state for calcium, but continue to lose ions even after 36 hours 
of relmmersion. The calcium loss is considerable and must eventually 
be replenished by ion transport from the medium, or the diet. The 
large loss of calcium and Its attendant anion also is evidenced by the 
increased amount of tltratable base excreted by flumlnea on 
relmmersion after aerial exposure.
Even though sodium and chloride were not concentrated in the 
hemolymph during aerial exposure, there was a net loss of chloride to 
the medium upon relmmersion, while there was a slight uptake of sodium. 
Although sodium transport in freshwater bivalves involves a Na/H 
exchange (Dietz. 1976; McCorkle and Dietz, 1980), there was no 
stimulation of sodium transport In reimmersed clams. This suggests 
that if there is proton excretion, it is not directly coupled to the
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sodium transport system. Ammonia excretion Is not elevated during the 
first hour of relmmersion either (Byrne et al.. 1987), but rises after 
6 hours relmmersion.
There are significant differences between sodium and chloride 
fluxes on relmmersion. Chloride net losses were four times those of 
sodium, even when sodium was being lost. As bicarbonate was presumably 
also being excreted from the hemolymph upon aquatic recovery, the 
elevated chloride flux may be due to a maintenance of electroneutrality 
in the body fluids with chloride and bicarbonate loss coupled to 
divalent calcium. This Is further evidenced by the Increased efflux of 
chloride in reimmersed clams.
There seems to be a close regulation of extracellular Ionic events 
during emersion and relmmersion. Passive increases in any particular 
Ion are not indicated by the data. Obviously, calcium plays an 
important role in the maintenance of acid-base balance. However, 
maintaining levels of sodium and chloride close to normal throughout 
exposure periods and during relmmersion in the face of an osmotic 
Influx of water also Is remarkable. Osmotic water uptake during 
reimmersion would be controllable, since there is a rapid release of 
calcium, chloride and presumably bicarbonate from the animal. To 
preserve cellular integrity, the sodium and chloride taken up by the 
cells during emersion would be released to the hemolymph during 
relmmersion. The redistribution restores hemolymph sodium and chloride 
levels and removes solute from the intracellular space.
High levels of extracellular potassium would compromise 
functioning of neural tissue. We noticed a rise in potassium 
concurrent with increases in mortality and the elevated potassium
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levels may be due to cellular damage and the release of Intracellular 
potassium.
Corbtcula flumlnea has lower tolerances to aerial exposure than 
other freshwater bivalves (Byrne et al., 1988). It Is unlikely that 
death from aerial exposure is due to excessive water loss alone. Nor 
Is Increased hemolymph osmolality a probable cause as C_̂  flumlnea can 
withstand hemolymph osmolalities in excess of 200 mOsm/kg when immersed 
in saline solutions (Gainey and Greenberg, 1977). Physiological 
changes brought on by emersion, such as acid-base perturbations, waste 
product build-up or lethal levels of extracellular potassium, are more 
probable proximate causes of death. However, the inability to survive 
relmmersion after a short-term bout of aerial exposure is equally as 
damaging as succumbing during emersion. Therefore, physiological 
processes leading to readjustment of ionic components of hemolymph 
during emersion are adaptive and may be responsible for the ultimate 
survivability (i.e. recovery upon relmmersion) of flumlnea to the 
full consequences of aerial exposure.
CHAPTER FOUR 
Acid-Base Balance During Prolonged Emergence in 




The Aslan freshwater clam, Corblcula flumlnea, was exposed at 23°C
to a humid nonnoxic atmosphere, hypoxia or normoxla with valves
clamped shut. Under all conditions, clams became acidotic during
emersion. In nonnoxic clams hemolymph pH declined from 7.90 to 7.14 in
72 hours. Hypoxic clams displayed a similar decline in pH, but clams
with valves clamped shut became acidotic more rapidly. Total CO^ rose
from 4.15 mM/l to 16.8 mM/l after 48 h nornoxic exposure. Hypoxic
clams had similar total CO^ values up to 48 h exposure but total CO^
then declined, possibly due to increased ventilation. Clams prevented
from opening the valves displayed the highest levels of total CO^ (23 4
mM/l after 48 h exposure). Hemolymph P_n also rose from 1 to 22 torr
2
after 48 h normoxic exposure. In hypoxic clams, P values were lower
than normoxic clams after 48 h emergence, and in clamped bivalves,
was the highest at 51 torr after 48 h and Increased to 90 torr
after 72 h emersion. Hemolymph Pn declined during emergence in all
2
treatments. There was no overall treatment effect on hemolymph PQ 
suggesting ventilatory behaviors do not affect this variable. Calcium 
and osmolality Increased with emersion time and were greatest in clams 
with clamped valves. No differences in these values were noted in 
either normoxic or hypoxic individuals. Shell calcium carbonate is 
dissolved to buffer the acidosis. Valve gaping, mantle edge exposure 
and other ventilatory behaviors serve to retard the progress of the 
acidosis by ventilatory loss of CO^. However, these behaviors were not 
sufficient to maintain acid-base balance in C_̂  flumlnea emersed at 
23°C. This species' low tolerance of aerial exposure may be explained
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by its inability to maintain or restore acid-base balance during 
relatively short emersion periods and is further evidence of its 
relatively recent advance into freshwater habitats.
Introduc t ion.
During emersion most bivalves undergo an acidosis caused either by 
continued aerobic metabolism resulting in CO^ production, or by 
anaerobic end-product formation. Gaping allows 0^ uptake and can 
alleviate acidosis by ventilating CO^ (Wijsman, 1975; deZwann and 
Wijsman, 1976; Booth and Mangum, 1978). Respiratory acidosis is 
buffered by bicarbonate presumably originating from shell dissolution 
(Crenshaw and Neff, 1969). Freshwater bivalves, unlike marine 
intertidal clams, are subject to periods of emersion that are 
unpredictable in timing and duration. Therefore, it is of interest to 
examine the progress of acid-base changes during forced emersion in 
clams that must balance the need to conserve water and the requirement 
of maintaining metabolism.
The Aslan clam, Corbtcula flumlnea (MOller), is commonly found in
shallow lotic and lentic habitats throughout the United States.
Although it is a rapid colonizer of disturbed habitats, it has
relatively low tolerances to aerial exposure compared to most
freshwater bivalve species (McMahon, 1979; Byrne e^ al., 1988). C .
flumlnea displays an aerial respiratory behavior of exposing the mantle
edge, a form of modified gaping associated with aerial oxygen uptake
(McMahon and Williams, 1984). However, the importance of this behavior
for gas exchange, hemolymph P and acid-base balance has not been
2
determined. In this study we examined hemolymph acid-base events in C . 
flumlnea during prolonged (72 h) emergence to determine the
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effectiveness of its respiratory responses to air exposure and the 
possible basis for its relative intolerance of emersion.
Materials and Methods 
Animal Collection and Maintenance
Specimens of C_̂  flumlnea (n — 225, mean total weight — 8.24 g; SEM 
- 0.29 g) were collected from the littoral region of Toledo Bend 
Reservoir on the Texas - Louisiana border in July and maintained at 22 - 
25°C in aged tap water for ten days. Each animal was marked and 
weighed, to the nearest 0.01 g, initially and then weighed again when 
sampled. Animals in which these weights varied by more than 15% were 
assumed to be near death and were discarded (personal observations).
In vitro experiments.
In vitro determinations of CO^ combining curves, buffer capacity
and apparent pK' (pK ) were performed on hemolymph drawn from theapp
pericardial chamber of 12 animals. Individual hemolymph samples were 
pooled, divided evenly into three 50 ml tonometry flasks, and gassed 
for 1.5 h with humidified mixtures of CC^ (0.22, 36.2 or 72.4 torr) in 
air supplied by a Cameron gas mixing pump. Following equilibration, 
eight 0.5 ml fractions from each flask were analyzed for pH and TCO^ 
(Total C02).
In vivo experiments
Clams were randomly assigned to three treatment categories 
(75/treatment): normoxic (air) emersion, severe hypoxic (Nj) emersion, 
and bound normoxic emersion (valves bound with rubber bands). Clams 
were placed on plastic screening over water in covered plastic
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containers, one for each treatment. In the nonnoxic containers holding
clams and clams with clamped valves, humidity was kept at near air
saturation by bubbling air through an airstone In the water reservoir,
which maintained a slight airflow through the container equalizing gas
partial pressures throughout. In the severe hypoxia container, gas
was bubbled Instead of air. The atmosphere in the containers was
allowed to equilibrate for 24 hours before clams were introduced. The
P„ In the normoxic containers remained at approximately 150 torr. In 
2
the hypoxic container, Pft ranged from 1 - 20 torr; variation resulting
2
from disturbances during sampling. The experiments were carried out in 
a constant temperature room at 23°C + 0.5°C under low light conditions.
Hemolymph samples (500 - 800 pi) were taken anaerobically in 
gas-tight syringes by pericardiac puncture (Fyhn and Costlow, 1975). 
Samples from ten individuals per treatment were taken at 0, 8 , 24, 48. 
72 and 96 hours post emersion. After 48 hours emergence, clam 
mortality increased. Clams were chosen randomly at each sampling 
occasion, however, specimens obviously close to death were not 
utilized. At the 96 hour sample, only 2 bound, 9 normoxic and 8 
exposed individuals remained alive.
Analytical procedures.
Hemolymph pH was measured on 50 pi samples drawn through a glass
capillary pH electrode (G299A, Radiometer) and meter (Altex 71,
Beckman). Total COj determinations were measured conductimetrically
(Capnicon 3A, Cameron Instruments) on 20 pi samples. P was measured
2
on 50 ul samples with a Radiometer 0^ electrode (E5047) reading to a 
digital meter (Cameron Instruments). Hemolymph samples (0.5 ml) were
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centrifuged for ten minutes at 6000 x g and analyzed for calcium 
concentration using a Perkin-Elmer Atomic Absorption Spectrophotometer 
Hemolymph osmolality was determined using a Wescor vapor pressure 
osmometer.
Calculat ions
The pK of hemolymph was calculated from the knownr app 3 * C02
equilibration tension (torr) and corresponding measured pH and TCO^
(mM/l) values for each fn vitro sample by rearrangement of the
Henderson * Hasselbalch equation (Boutilier, Heming and Iwama, 1984) as 
follows;
pKapp " pH ' <<l°8<TC02> / *lphaC02 ' pco > ' O
where alphaCOj, the solubility coefficient of CC>2 in hemolymph is
0.0405 mM.(1 . torr) V
The relationship between pK^p and pH was estimated by linear
regression analysis:
pK - constant - (A ' pH), app
This equation was utilized for the subsequent calculation of P from
2
measured TC02 and pH values from the in vivo data:
Prrt - TCO, / (alpha ‘ (1 ♦ antilog (pH + pK ))).cUj £ &FP
Bicarbonate ion concentration (HCO^ . in mM/l) was calculated from 
TC02 using the equation:
HC03' - TC02 - (alpha ‘ P ^  ) .
The bicarbonate ion and pH data were used to estimate the i_n vitro
buffer capacity of the hemolymph as the change in HCO^ per unit change 
in pH:
HCOj - constant + ' pH).
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Statistical analyses.
A multiple analysis of variance (MANOVA) was run (2-way; Time and 
Treatment and interaction) with all variables In the model. As this 
proved significant, separate 2-way ANOVA's (Time, Treatment and 
interaction) were performed to determine overall treatment and time 
effects on each variable. There was a significant Time/Treatment 
interaction component so differences between means were determined 
utilizing an error term incorporating main effect and interaction 
effects. Duncan's Multiple Range test was used as the a posteriori 
method for discriminating differences between means. Statistical 
analyses used SAS procedures (SAS, Cary, NC); statistical significance 
was accepted at P < 0,05. Data are expressed as mean + SEM.
RESULTS
In vitro experiments.
The P^4pp hemolymph varied across the pH range measured at the
three chosen P equilibration points (Table 1). The regression
2
equation developed and used to approximate pK in all P._y app C02
calculations was :
pK - 8.59 - 0.327 pH (R2 - 0.95; df - 1,22).app
The non-bicarbonate buffering value (i.e. the slope of the HCO^ - pH 
relationship) of the hemolymph of (L flumlnea was 1.69 Slykes and the 
buffer equation was-.
HCOj* - 16.89 - 1.69 pH (R2 - 0.94; df - 1,22).
In vivo experiments.
Clams were emersed for a total period of 96 h, but because of
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Table 1. Measured pH and HCO_ and calculated pK values from pooled3 aPP
hemolymph In equilibrium with known tensions at 23°C. Values are
0^2
mean + SEM; n - B.
prn PH HCOt ' P*C02 r 3 app
(torr) (mM/1)
0.22 8.36 + 0.03 2.75 + 0.18 5.85 + 0.01
36.20 6.93 + 0.01 5.21 + 0,03 6.38 + 0.01
72.40 6.65 + 0.01 5.62 + 0.08 6.37 + 0.00
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mortality, only data gathered over the first 72 h of emersion were 
analyzed. Under all experimental conditions, specimens of Corbicula 
flumlnaa became significantly (P < 0.05) acidotic during emersion 
(Table 2, Fig. 1). Pondwater acclimated clams had a hemolymph pH of 
7.898 + 0.026. On emersion, hemolymph pH of normoxic clams dropped at 
approximately 0.02 pH unlts/hr for the first 24 h. Subsequently, the 
rate of decline of pH was reduced and pH reached a value of 7.143 + 
0.067 after 72 h exposure (Fig, 1). This pattern of acidosis In 
normoxic clams was similar in clams exposed in a nitrogen atmosphere. 
The greatest drop In hemolymph pH of normoxic clams occurred during the 
first 8 h of emergence, falling to 7.679 + 0.039. Thereafter, pH 
declined at a lesser rate and was 7,233 + 0.030 after 72 h exposure 
(Fig. 1). There were no significant differences between hemolymph pH 
values of clams exposed to an air or nitrogen atmosphere. When C . 
flumlnea was prevented from opening valves, pH declined at a greater 
rate than in normoxic or hypoxic clams (0.035 pH unlts/hr) over the 
first 8 h emersion. After 24 h emergence, hemolymph pH of clamped 
clams was significantly (P < 0,05) lower than that of clams exposed in 
a nitrogen atmosphere, and after 48 h the pH reached 7.202 + 0.024 and 
was significantly lower (P < 0.05) than the hemolymph pH of clams 
exposed in air or nitrogen (Fig. 1),
On emersion, clams in all experimental treatments experienced a 
significant Increase in hemolymph total CO^ over time (Table 2). The 
greatest Increase in hemolymph total C0  ̂ occurred in clams prevented 
from opening valves. CO^ values rose to 23.41 + 2.33 mM/1, a five-fold 
Increase, in bound clams after 48 h emersion (Fig. 1). Total CO^ was 
significantly higher than that of both air and nitrogen exposed clams
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Table 2. Results of analyses of variance on the effects of emersion 
in humid atmosphere at 23°C on acid-base parameters in flumlnea. 
There were three treatments: normoxic emersion; severe ) hypoxic 

























significant at P < 0.001.
*+* significant at P < 0.0001 
NS - Not significant P > 0.05
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Figure 1. Time course of hemolymph pH, Total C0-, P _ and P- ofCUj ^2
flumlnea while emersed at 23°C. Circles represent Individuals under 
normoxic exposure, triangles are clams exposed in a atmosphere 
(severe hypoxia), and squares represent clams exposed in a normoxic 
atmosphere but with valves forcibly clamped shut, N — 10 for each 
point. Bars are standard errors of the mean (SEM); where bars are not 





























at 24 and 48 h exposure but stabilized after 48 h emersion. Hemolymph 
total CC>2 In aerially exposed clams rose from an Initial value of 4.15 
+0.13 mH/1 to 16.84 + 1.03 mM/1 after 48 h emersion (Fig. 1). CO^ 
values continued to rise over the course of the experiment, but at a 
lesser rate, reaching 18.90 + 1.14 mM/1 after 72 h exposure. For the 
first 48 h, bivalves exposed under nitrogen had hemolymph total CO^ 
values not significantly different from those of aerially exposed clams 
(Fig. 1). However, after 72 h emersion in nitrogen, clam total CO^ 
declined from 15.99 + 1.73 mM/1 to 14.03 + 1.29 mM/1 and was 
significantly lower (P < 0.05) than both aerially exposed and bound 
clams.
Emersion resulted in a significant increase in hemolymph P in
2
all treatment categories (Table 2). From a pondwater acclimated value
of 1.16 + 0.08 torr, hemolymph P__ in normoxic emersed clams rose to
21.59 + 2.41 torr after 48 h. Thereafter P increased rapidly to
2
55.19 + 13.62 torr after 72 h exposure (Fig, 1). There were no
significant differences between hemolymph P_n values of clams exposed
2
in a nitrogen atmosphere and those aerially exposed except at 72 h
where P„  of nitrogen exposed clams was significantly lower. P
2 2 
rose at a higher rate and reached greater values in clams prevented
from opening valves (Fig. 1). By 48 h exposure, P had reached 51.09CO^
+ 7.17 torr, significantly (P < 0.05) higher than that recorded in
either the normoxic or hypoxic treatments. P values continued to
2
rise to a maximum of 90.44 + 20.43 torr after 72 h of emergence.
Although there was a significant effect of emersion time on
hemolymph P in all treatments, there was no overall treatment effect 
2
(Table 2). Hemolymph P^ fell from a zero hour exposure value of 60.9
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+ 4.4 torr to 21.8 + 3.3 torr after 24 h emersion (Fig. 1).
Thereafter, values declined at a slower rate reaching only 13.3 + 2.9
torr after 72 h exposure. This pattern of a sharp initial drop
followed by a slowing of the rate of P_ decline was mirrored by clams
2
exposed in nitrogen and those bound to prevent valve opening. The onlv 
indication of a difference between treatment groups was at 8 h exposure 
when clams exposed in air had a mean P^ higher than the other groups.
Hemolymph osmolality increased with emersion time In all 
treatments and there was a significant effect of treatment condition 
(Table 2, Fig. 2). In aerially exposed clams, hemolymph osmolal ity 
increased from 68.5 + 1.0 mOsm/kg at zero hour emersion to 110.1 +2.5 
mOsm/kg after 72 h exposure (Fig. 2). Bivalves exposed in nitrogen had 
hemolymph osmolalities not significantly different from those aerially 
exposed (P > 0,05). Osmolality rose at a greater rate in clams with 
valves bound shut and were significantly higher than those of the other 
treatment groups by 8 h exposure (76.4 + 2.8 mOsm/kg for bound clams 
and 66.8 + 2,3 mOsa/kg for aerially exposed bivalves). There was a 
continuous rise in osmolality in bound clams resulting in significantly 
higher values except at the 72 h emersion period.
Hemolymph calcium concentration increased significantly with time 
of exposure in all treatment categories (Table 2, Fig. 2). There also 
was a significant treatment effect (Table 2), Hemolymph calcium values 
of pondwater acclimated clams were 7,38 + 0.24 mM/1. After 24 h Ca 
levels had risen in aerially exposed clams to 23.04 + 3,25 mM/1 and 
continued to increase with time to 35.14 + 2.14 mM/1 after 72 h 
emersion. There were no significant differences in hemolymph calcium 
concentration (P > 0.05) between clams aerially exposed and those
74
Figure 2. Time course of hemolymph osmolality, calcium and 
bicarbonate of fluminea while emersed. Symbols are as in Fig. 1. N 
— 10 for all points. Bars are standard errors of the mean and are 
omitted where the size of the symbol exceeds the value of the SEM,
Bicarbonate Calcium
(mM/1) (mM/1)





exposed in a nitrogen atmosphere (Fig. 2). Clams with valves bound 
shut had significantly (P < 0,05) higher hemolymph calcium levels after 
48 h exposure reaching 39.63 + 3.92 mM/1. Values after this time did 
not rise significantly (Fig. 2),
There was both a treatment and time effect on hemolymph 
bicarbonate concentration (Table 2; Fig.2). Control pondwater 
acclimated clams had bicarbonate levels of 4.10 + 0.13 mM/1.
Bicarbonate rose almost threefold to 11.14 + 0.94 mM/1 after 24 h in 
normoxic emerged bivalves and continued to rise reaching 16.33 + 0.92 
after 72 h. There was no significant difference between normoxic and 
hypoxic emersed clams up to 48 h emersion. At 72 h emersion, however, 
bicarbonate concentration in hypoxic emersed clams declined to 12.71 + 
1.06 mM/1, significantly (P < 0.05) different from normoxic clams. 
Bicarbonate levels in bound clams were significantly (P < 0.05) higher 
than normoxic clams from 24 to 48 h emersion, rising to a maximum of 
21,0 + 1,92 mM/1 after 48 h, but then declined and were not 
significantly different at 72 h from normoxic clams (Fig. 2),
The progress of change in acid-base balance In clams is summarized 
in a Davenport diagram (Fig. 3), When aerially exposed, C_̂  flumlnea 
underwent a progressive respiratory acidosis with partial metabolic 
compensation. Bivalves exposed in nitrogen had similar patterns to 
those aerially exposed up to 48 h emersion. After which, as both P_„
2
and total CO^ declined, the amount of base excess was reduced. The 
progress of acid-base changes In clams bound shut showed an 
acceleration of a pattern similar to aerially emersed bivalves (Fig 
3), and displays a virtual uncontrolled rise in P , total C00 and 
base excess.
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Figure 3. Davenport diagram summarizing changes in pH, bicarbonate 
and PCOj of C_̂  flumlnea while emersed. The symbols are the same as in 
Fig. 1, The numbers alongside each point are the hours of exposure. 
















Upon emersion, flmnlnea periodically gapes and exposes its
mantle edges. Such behavior has been associated with aerial oxygen
consumption in this species (McMahon and Williams, 1989). Although
these ventilatory behaviors allow aerial consumption to continue at
about 20% of the aquatic rate in flumlnea (McMahon and Williams,
1989), the progressive reduction in hemolymph P and elevation of
2
in this study suggest substantially reduced gas exchange rates in 
emersed animals. Nevertheless, gaping and mantle edge exposure 
decidedly limited C05 accumulation, because P was about twice as
£. COj
high in bound animals than in ventilating (air or N£) animals. The 
significance of these behaviors is obvious, bound animals became 
acldotic more quickly than ventilating ones and had a higher aorta lity 
rate than either air or emersed clams.
It was surprising that there was no significant difference in 
hemolymph between the three groups. If gaping and mantle edge
exposure were effective ventilatory behaviors, hemolymph PQ should 
have been greatest in air exposed, and least in Nj exposed animals.
The similar found in the hemolymph of bound and ventilating C .
flumlnea suggests that this species is unable to maintain hemolymph 
Pq by aerial 0^ uptake and depends Instead on 0^ stores In the 
hemolymph, mantle cavity or tissues, as suggested to occur in some 
emersed marine bivalves (Booth et al., 1989), Despite the similarity 
of hemolymph PQ between groups, it seems likely that the air emersed
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clams were exchanging 0^> because previous studies have demonstrated 
Oj uptake in emersed Ĉ _ flumlnea (McMahon and Uilllams, 1984), and the 
gradient for uptake between hemolymph and air was even larger than 
the gradient for CO^ elimination. The relative rates of CO^ and 0^ 
exchange and their effects on hemolymph gas tension in emersed C . 
flumlnea, however, remain to be determined. These results reinforce 
observations that gaping and mantle edge exposure may serve more to 
prevent CC>2 accumulation than for facilitation of 0^ uptake.
The nature of the ventilatory behaviors of this species may 
partially account for its low capacity for aerial gas exchange. The 
predominant behavior is mantle edge exposure where only the leading 
edge of the moist mantle is exposed through slightly parted valves.
One advantage of this behavior is the reduction in evaporative water 
loss (McMahon and Uilllams, 1984) and, Indeed, there is no direct 
effect of mantle edge exposure on water loss rates (Byrne e£ al.,
1988). This is in contrast to the gaping behavior of some marine 
intertidal bivalves and the presumed utilization of the entire mantle 
cavity as a lung. It is not certain whether Ĉ _ flumlnea ventilates the 
mantle cavity while emersed. If only the mantle edge were the site of 
ventilatory gas exchange, then this might explain the low effectiveness 
of this system in aerial gas exchange. Shick et al. (1986) report air 
bubble capture by the mantle cavity of Mytilus edulis and that the 
volume of the air bubble is correlated with rates of aerial heat 
dissipation. Refilling of an empty mantle cavity with air could be 
accomplished quickly by gaping and not result in a high rate of water 
loss. On rare occasions, direct openings through the parted mantle to 
Bn air-filled mantle cavity were observed in emerged specimens of
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flumlnea. It is possible that C_̂  flumlnea may utilize air bubble
capture to replenish mantle cavity 0^ stores. However, under the
present experimental conditions, there was no evidence of the efficacy
of such an adaptation for aerial 0^ uptake.
Acid-Base balance.
The predominant feature of emergence in all three groups of C .
flumlnea was progressive respiratory acidosis, partially compensated by
shell buffers. In bivalves, respiratory acidosis and mobilization of
calcium carbonate as a buffer Is a characteristic response to emergence
(Collip, 1920; Dugal, 1939; Jokumsen and Fyhn, 1982) and to hypoxia
(Akberall et al.. 1977; Dietz, 1974; Silverman et al■, 1983). The
source of the calcium seems to be from the shell as Indicated by
radiolabel studies (Crenshaw and Neff, 1969). In the freshwater
bivalve, Llgumla subrostrata. shell calcium is released during periods
of hypoxia (Dietz, 1974; Silverman et al., 1983), but a large fraction 
| |
of Ca Is reclaimed by calcium concretion formation In the gill tissue 
(Silverman et al.. 1983). We have not noted any such concretions In 
the gills of C_;_ flumlnea.
Continued aerobic metabolism while emersed may cause an increase 
In CO^, which in clams with valves shut (a closed system) results In 
shell dissolution and accumulation of HCO^ and Ca In the hemolymph 
at roughly a 2:1 ratio thus:
C02 + H20 - H2C03 - H+ + hco3 
the proton then combines with shell:
H+ + CaC03 - Ca** + HC03' 
the net result being:
C02 + HjO + CaC03 - C a ^  + 2HC03'
82
The addition of acids from anaerobic metabolism (HA) results in further
| |
shell dissolution and release of Ca and CO^ as follows:
HA - H+ + A ‘
and
2H+ + 2A" + CaC03 - Ca** + HjO + CC>2 + 2A'
If the system is open and ventilation keeps pace with CO^
evolution, no significant acidosis need result and Ca appearing in 
the hemolymph will not be accompanied by increased HCO^
concentrations. In such open systems, two H+ will be buffered for each
r|—
Ca appearing in the hemolymph. In closed systems where CO^ 
accumulates, the addition of metabolic acid should cause bicarbonate 
and Ca to accumulate at about a 1:1 ratio:
HA - H+ + A'
and
H+ + CaC03 + A ‘ - C a ^  + HC(>3' + a '
The initial ratio may be slightly lower than 1:1, because at
physiological pH levels a small fraction of the HC03 will be converted 
to C02 . As pH falls, a greater fraction of the total C02 (hence HC03 ) 
will be In physically dissolved COj form, and the ratio will fall 
further. Thus, the ratio of HCOj /Ca appearing in the hemolymph can 
vary from 0 to 2 depending on whether emersed clams are aerobic or 
anaerobic, opened (i.e. well ventilated) or closed. Measuring mantle 
fluid calcium, Hemlng et. al. (1988) found a 2:1 ratio of bicarbonate 
to calcium during emersion in the freshwater margaritiferid bivalve, M . 
margaritlfera. suggesting that the external mantle cavity acts as a 
closed chamber. Accumulation of CO^ in a closed system also reduces
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•+ ~t Ithe efficiency of shell buffering to about 1 H per Ca appearing in 
the hemolymph. This Is evident in flumlnea where ventilatory 
exchange of CO^ In air and emersed animals slowed the rate of 
acidosis compared to that of bound animals.
j |
The large changes In hemolymph Ca concentration and progressive 
reduction of hemolymph PQ suggest that emersion resulted in 
substantial accumulation of metabolic acids. The increase In hemolymph 
Ca was almost double the increase in HCO^ for all groups. While 
this Is not surprising in either of the "open" ventilating groups, it 
is only about half the expected change of HCO^ for the bound (i.e. 
"closed" system) animals. It is tempting to speculate that this may 
have resulted from Intracellular retention of base, or bicarbonate in 
exchange for an organic Ion. These intercompartmental shifts also 
would acidify the hemolymph. However, this observation may better 
serve to demonstrate that theoretical estimates of the effects of 
adding fixed acids to single compartment systems containing CaCO^ may 
not adequately describe changes in living animals which regulate 
acid-base balance in one or more compartments.
Dugal (1939) measured the pH and total CO^ of mantle cavity fluid 
of the marine bivalve, Mercenarla mercenarla after periods of aerial 
exposure. Although he found large Increases In total CO^, pH only 
declined from 7.48 to 7,25 after two weeks emersion at "room 
temperature". Mercenarla mercenarla extrapallial fluid pH varied from
7.59 to 6.91 while emersed (Crenshaw and Neff, 1969) with pH declining 
during valve closure and rising when valves were opened. UIJsman 
(1975) examined the pH of extrapallial fluids and the blood of Mytilus 
edulis during aerial exposure. Extrapallial fluid pH was on average
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0.4 pH units higher than that of the blood. On emersion, blood pH fell
from 6.95 to 6.65 In five hours and subsequently fell only to 6.5 after
seven days. Extrapallial fluid pH dropped from 7.6 to 6.7 after 24
hours in air, but if valves opened pH rose to 7.6 indicating some
ventilatory loss of CC^. This ventilatory release of CO^ was
emphasized as an important and general function of gaping while in air
(Alyarkrinskaya, 1972; deZwann and Wljsman, 1976). Carbon dioxide
release was also found in Geukensla demissa to result in a difference
between the hemolymph pH of clams which air-gaped and those which
remained closed while in air (Booth and Mangum, 1978). However, mantle
fluid pH was not affected. Hemolymph pH and calcium rose when valves
were shut in a marine bivalve, Scrobicularla plana (Akberali et al.,
1977). Similarly, mantle fluid pH was found to rise during aerial
exposure in the freshwater margaritiferid bivalve Margarltifera
margarltlfera and the alkalosis was thought to be due to the effect of
dilute carbonate buffers and COj release (Hemlng et al., 1988) . There
was no detectable difference in ionic composition between mantle fluid
and hemolymph of emerged specimens of flumlnea (Byrne, unpublished
observations). However, as the mantle fluid is in direct contact with
the atmosphere during air-gaping episodes, CO^ release would be
facilitated. Hemolymph P , on the other hand, is in equilibrium withCO2
the surrounding tissues and can be lowered only in the presence of a 
favorable gradient. This could occur over the gills, mantle or ventral 
body surface, but diffusion distances would be relatively large and 
could be increased further by mucus production.
Tolerance times of freshwater bivalves to emersion range from days 
to months, with C_;_ f luminea being the least tolerant (Byrne et al. ,
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1988) . It seems to be intermediate between marine and freshwater forms 
in many of its physiological variables and adaptations (Gainey and 
Greenberg, 1977; McMahon, 1983a; Byrne et al.. 1988). The response of 
many Intertidal bivalves to emersion is to gape constantly and retain 
much aerobic capacity (McMahon, 1988) . Water loss is not regarded as a  
major problem for Intertidal species because of the predictably short 
emersion periods experienced between high tides. Freshwater bivalves, 
which inhabit littoral and shallow habitats are subject to periods of 
exposure of much longer and of more unpredictable duration. Survival 
of emersion under these conditions requires substantial control of 
metabolism and water loss rate. The inability of fluminea to
control Its acid-base balance during emersion may partially account for 
Its relative Intolerance of emersion compared to freshwater unionid 
(White, 1979) or sphaerlld species (Collins, 1967). The lack of 
capacity to sustain sufficient aerial gas exchange to maintain 
acid-base balance and a predominantly aerobic metabolism when emerged 
for prolonged periods (McMahon, 1983a), appear to reflect this species' 
relatively recent penetration of freshwaters relative to other 
freshwater bivalves.
CHAPTER FIVE
Behavioral and metabolic responses to emersion and 





When aerially exposed, the freshwater bivalve, Corbicula fltuninea, 
displayed valve movement behaviors, such as mantle edge exposure, a 
wider gaping "ventilatory" response, and an escape or "burrowing" 
response. The proportion of the emersion period spent in these 
behaviors, relative to valve closure, Increased with decreasing 
temperature. Emersion at 35°C inhibited valve movement behaviors, 
whereas emersion in a nitrogen atmosphere stimulated ventilatory 
activity. High rates of aerial oxygen uptake were associated with 
initial valve opening and ventilatory behaviors. Lower rates of aerial 
oxygen consumption occurred during bouts of mantle edge exposure.
Heart rate was affected by temperature but not by mantle edge exposure 
behavior. Burrowing and ventilatory behaviors were associated with 
increases in heart rate suggesting a hydraulic function for hemolymph. 
Using direct calorimetry, emersed flumlnea had short bursts of heat 
production followed by longer periods of much lower rates. The mean 
heat production rate was 1.11 mW g significantly higher than the 
mean value for clams exposed in a nitrogen atmosphere (0.50 mU g )̂. 
On reimmersion, flumlnea had no significant "oxygen debt" until 
after three days aerial exposure. Ammonia levels in the hemolymph did 
not rise with duration of emersion but increased rapidly in dying 
clams. On resubmergence, initial rates of ammonia excretion were low 
but rose and reached a maximum (4X initial) after 15 hours immersion. 
Duration of exposure had no effect on the magnitude of ammonia 
excretion rate until after 3 - 4 days emersion. Protein was either not 
catabollzed or incompletely catabollzed during emersion. These are
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further examples of recently evolved adaptations to emersion, which are 
qualitatively different from the marine intertidal bivalve model.
Introduction
There have been many studies of the behavioral and metabolic 
responses of marine intertidal bivalves to aerial exposure (see reviews 
in McMahon. 1988; Shlck et al., 1988). In general, bivalves inhabiting 
the shore can be separated into those whose valves remain closed while 
emersed and undergo anaerobic metabolism (e.g. lower shore species such 
as Mytllus adults, Ceraetroderaa glaucum, Boyden, 1972a; Uiddows et 
al., 1979) and those that periodically gape the valves allowing the 
maintenance of an aerobic metabolism (predominantly higher shore 
species, e.g. Cerastroderma edule. Geukensla demlssa, Boyden, 1972a; 
Widdows et al_ 1979).
The intertidal environment is characterized by emersion periods 
that are highly predictable and are of a generally short duration. On 
the other hand, bivalves inhabiting the shallow regions of freshwater 
lotic and lentlc environments are subject to periods of emersion that 
are highly unpredictable both in their duration and timing. Freshwater 
bivalves can withstand periods of aerial exposure ranging from a few 
days to months (McMahon, 1979). In order to survive such prolonged 
emergence, bivalves must be capable of balancing opposing needs of 
maintaining contact with the atmosphere for gas exchange, yet 
minimizing contact with the atmosphere to prevent evaporative loss of 
water stores.
The Asian freshwater clam, Corbicula flumlnea (MOller), is 
commonly found in shallow lakes and streams throughout the United 
States (McMahon, 1982), A recent invader of freshwater, C. flumlnea
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has higher tolerances to emersion when compared to its estuarine 
relatives, but has one of the Lowest tolerances among other freshwater 
bivalves (McMahon. 1979; Byrne et al., 1988). It displays adaptations 
to aerial emersion, such as mantle edge exposure and valve gaping, 
which are associated with aerial oxygen uptake (McMahon, 1983a; McMahon 
and Williams, 1984).
Little work has been done on the metabolic consequences of 
emersion in freshwater bivalves. In this study, we examined the 
effects of environmental factors on the behavioral responses of C . 
flumlnea to emersion. We also examined metabolic responses, Including 
heart rate, aerial oxygen uptake and direct calorimetry on emersed 
clams. In addition, the responses to reimmersion were examined after 
varying periods of aerial exposure.
Materials and Methods
Animals.
Specimens of flumlnea were collected either from the Clear Fork 
of the Trinity River at its outflow from Lake Benbrook, Tarrant Co. 
Texas, or from littoral region of the south shore of Toledo Bend 
Reservoir on the Texas - Louisiana Border. Specimens were maintained in 
aquaria containing either aged tapwater or artificial pondwater at 22 ■ 
24°C for at least one week prior to use.
Behavioral Measurements.
The effects of temperature on valve movements of aerially exposed 
specimens of flumlnea were determined on 5 clams for each of three 
temperatures, 15, 25 and 35°C. In addition, the effects of exposure to
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severely hypoxic (N^) atmospheres was also examined. For these 
experiments the measurement of clam valve movements was made by gluing 
a monofilament line to a point 1 - 2 mm from the leading edge of a 
valve ventral to the umbones. The opposite valve was then attached to 
a watch glass by gently embedding the bivalve in modeling clay so that 
the clam lay on its side. The clam was placed inside a 45 ml glass 
jacketed chamber sealed by a rubber stopper. About 1 ml of distilled 
water was added to the chamber to maintain relative humidity near air
saturation. The line was threaded through an 18 gauge hypodermic
needle passing through the stopper and was attached tautly to the lever 
of a displacement transducer. The amplified output was directed to a 
strip chart recorder. The lever was counterweighted so that little 
force was exerted on the line attached to the valve. Temperature 
Inside the chamber was maintained at 15. 25 or 35 + 0.1°C by means of a 
Lauda circulating water bath connected to the respiration chamber. A 
temperature equilibration period of 30 - 60 minutes was allowed before 
recording. Depending on the treatment temperature, experiments 
continued for 24 - 150 h. The major categories of valve movement 
behavior were identified by simultaneous observation of the behavior 
and the tracings.
Hypoxic atmosphere was accomplished by flushing the chamber with 
^2 gas at a high rate (300ml/mln) for 10 mln initially and at 50 - 75 
ml/min during the experiment. The gas was temperature equilibrated and
humidified before entering the chamber.
Heart rate.
Heart rate was measured on aerially exposed clams under the three
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temperature treatments and under hypoxic conditions to examine any 
correlative effects with valve movements. Measurement of heart beat 
rate (f^) w*s accomplished by a modification of the method of Dietz and 
Tomkins (1980). a non-invasive technique which records the shadow of 
the beating heart by means of a photocell attached to the outside of 
the shell. The photocell (Silicon Selenium type; cut to a 5 X S ami 
size) was positioned over the heart and affixed by modelling clay or 
glue to the valve. The clam was prepared for valve movement 
recordings, and the leads from the photocell were threaded through a 
hole bored in the stopper and then sealed with rubber cement. The 
photocell current output was amplified using a Klethly microammeter 
(100 nA full scale) and was input to a Soltec amplifier/chart recorder. 
Light from a fiber optic lamp was directed through the clam within the 
chamber and adjusted until the trace deflection caused by the movement 
of the heart was maximized. A small Faraday cage was constructed from 
copper mesh and placed inside the chamber. This substantially reduced 
interference from 60 Hz line voltage. This method allowed recording of 
f^ under most conditions. Only when the clam was performing burrowing 
behaviors was it difficult to interpret the tracings.
Aerial oxygen consumption.
Aerial oxygen consumption rates were recorded for clams exposed in
normoxic and hypoxic environments at 25°C. In addition, valve
movements and f^ were simultaneously recorded. The determination of
aerial oxygen consumption rate (M ) was after the method of McMahon
2
and Williams (1989). Clams were prepared for valve movement and f 
recording as outlined above. Bivalves were scrubbed to remove
organisms adhering to the shell that might interfere with MQ 
determinations. A polarographic oxygen electrode (YSI) was inserted 
through the rubber stopper sealing the chamber allowing Its tip to be 
positioned approximately halfway down inside the chamber. Openings in 
the rubber stopper for photocell and Faraday cage leads were sealed.
The opening for the monofilament line used for valve movement detection 
was coated with silicon grease to prevent gas leakage but to allow line 
movement. The electrode was allowed to temperature equilibrate for 
approximately 30 min before recordings were taken. Simultaneous 
recordings were made of valve movement, f^ and . Reliable 
recordings of H0 could only be made over a period of 12 - 24 h as the
electrode would need refilling. Although M_ measurements were
2
attempted on fifteen specimens only recordings where valve movements 
were noted were used in the analyses. MQ was calculated from the 
decline in percent oxygen saturation accounting for electrode drift.
Direct Calorimetry
Metabolic heat production in clams exposed in air and nitrogen gas
was determined. Rates of heat dissipation (mU) of emersed clams were
measured by direct calorimetry over prolonged periods using the
prototype LKB 2277 BioActivity Monitor microcalorimeter (Gnaiger,
1983). Small clams of shell length 1.9 - 2.3 cm were attached by glue
to a specially molded plastic platfoim (approx. 10x10x10 mm^) . This
platform was designed to present the clam lying on its side in the
metabolic chamber, as had been done in the valve movement, f, and M.h 2
experiments, and also to suspend the clam above a 1 ml reservoir of 
distilled water placed in the chamber to maintain relative humidity
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3near air saturation. A 23 cm metabolic chamber was used in all 
experiments. The chamber was sealed and lowered first to the 
stabilizing position for 40 min, and then into the measuring cylinder. 
Rates of heat dissipation were recorded by subtracting the output of a 
blank chamber (4 ml distilled water, the approximate thermal equivalent 
mass of the contents of the experimental chamber) from that of the 
experimental chamber and recording the result on a strip chart 
recorder.
As the time - response curve of this larger chamber is not 
Instantaneous but approximates a first order exponential function 
(Gnaiger, 1983) the power (— rate of heat dissipation) time curves 
derived from the experiments were averaged over 10 minute periods and 
corrected to result in Instantaneous power readings. This was 
accomplished by means of computer programs kindly donated by E. Gnaiger 
of Cyclobios, Austria.
The experiments were run for 24 to 168 h. A blank chamber 
(containing 4 ml distilled water) was run after every two experiments 
and a calibration was performed every four experiments or at least once 
a week. For determination of the effects of emersion in nitrogen 
atmosphere, the chamber was flushed with humidified gas for 30 minutes 
by means of capillary tubing incorporated into the cap of the metabolic 
chamber containing the experimental animal.
Aquatic M on reimmersion.
2
One hundred specimens of flumlnea individually marked and
weighed ( + 0,0001 g) were aerially exposed in desiccators above the 
water maintaining relative humidity at near air saturation, at 25°C.
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Five Individuals, picked at random, were removed after 1, 2, 3, 5 and 6
days emersion for determination of aquatic MQ on reimmerslon. Clams
were immersed in dechlorinated, aged tapwater (TV) and allowed to open
valves and commence siphoning activity for five minutes. To determine
the immediate Hn , the clams were placed individually into a 
2
temperature controlled respiration chamber (65ml volume; 25 + 0,1 C) 
filled with aerated TV. The clam was supported on a 1 mm nylon mesh 
platform above a magnetic stirbar. Decline in chamber dissolved oxygen 
was measured using a pre-equl1ibrated Radiometer oxygen electrode 
connected to a strip chart recorder. Rates of oxygen consumption were 
determined on the first 10% decline in air saturation, which was 
usually accomplished in 5 - 10 minutes (after the method of McMahon and 
Russell-Hunter (1977)). Clams then were returned to aerated TV and 
aquatic M^ remeasured after a total reimmerslon period of 1 h to 
detect any longer term changes in oxygen consumption rate.
Ammonia excretion on relmmersion.
1. Effects of periods of emersion.
One hundred and fifty preweighed and marked specimens of C . 
flumlnea were aerially exposed in desiccators under conditions of 
relative humidity near air saturation and 25°C. At intervals of 1, 2,
3, 5.5 and 6 days emersion, 15 individuals were taken at random for 
determination of Immediate (1 h) , and post-12 h reimmerslon rates of 
ammonia excretion. Clams were scrubbed to remove attached organisms 
and placed in individual containers with 50.0 ml filtered (45 ĵ m) TV 
Containers with filtered TV alone were used as controls and all 
containers were covered with aluminum foil to prevent contamination.
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Five animals were tncubaced for one hour from Che onset of valve
opening. The claas were then removed and the ammonia concent of the
bathing medium measured by ammonia electrode (Orion Instruments). The
clams were immediately killed and the flesh removed, dried for 98 h at
90°C, and weighed. The remaining 10 clams were incubated for 12 h and
ammonia content of the medium then measured. The rate of ammonia
excretion after 1 and 12 h exposure was calculated and expressed as uM
Nh^ (g ' h) V  Experimental ammonia levels were determined utilizing
calibration curves for standard ammonia concentration of 10 10
-9 - 3 - 210 , 10 and 10 M NH^. The ammonia electrode was recalibrated in
- 9the 10 M NHj standard between every two experimental or TV control 
ammonia concentration determinations.
2. Ammonia excretion during recovery.
Thirty-six specimens of C_;_ flumlnea were aerially exposed at 25°C 
and high relative humidity. After 2 days exposure, 12 clams were were 
placed in individual containers with 40 ml artificial pondwater (PU).
At 0, 2, 7.5, 24 and 49 h a 15 ml sample was removed from each 
container for ammonia analysis and 15 ml PU added as replacement 
volume. At 7.5 and 24 h the complete 40 ml volume was replaced. After 
4 days aerial exposure, a further 12 clams were removed from the 
desiccators, relmmersed as described above, and samples of bathing 
medium removed it 0, 2, 8, 24 and 48 h reimmerslon. Samples were 
replaced with PU at 0 h sample, and the complete volume was replaced 
after all other samples.
Ammonia was analysed by the phenol-hypochlorite method (Solorzano, 
1969) and specific ammonia excretion rates were determined for each
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sampling interval. During the experiment there was some mortality.
Data from dead clams taken less than two sampling intervals before 
death were not used in the analyses.
Hemolymph ammonia levels during emersion.
One hundred specimens were aerially exposed at 25°C and near 100% 
relative humidity. Samples of 3-6 individuals were removed at timed 
intervals of 3 hours for the first twelve hours of exposure, six hours 
from 12 to 26 hours of exposure and approximately every twelve hours 
thereafter. The experiment was run for 156 h until all individuals 
were sampled or had died of air exposure. After rewelghlng each clam, 
a hemolymph sample of approximately 500 pi was drawn by pericardiac 
puncture (Fyhn and Costlow, 1975). In the latter stages of sampling 
only 300 - 600 pi could be collected. Hemolymph samples were 
centrifuged at 6000xg for five minutes to remove cellular debris. 
Ammonia content was determined on diluted samples using the 
phenol-hypochlorite method (Solorzano, 1969).
Data analysis
Data are expressed as mean + SEN. Differences were considered 
significant at P < 0.05 using Student's 't' test or one-way ANOVA 
followed by Duncan's Multiple Range tests.
Results
Behavioral Responses to Emersion.
On emersion, specimens of Ĉ _ flumlnea displayed four categories of 
behavior (Fig. 1). The first was simply the closed condition with
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Figure 1. An amalgamation of several recordings to demonstrate the 
four categories of valve movement behavior in emersed fluminea. 1.
Valves closed. 2. Valves gaping slightly with little valve adduction, 
characteristic of mantle edge exposure. 3. Valves gaping wider with 
short medium frequency adductions, often associated with "ventilatory" 
movements. A, Valves widely gaping with high frequency adductions 







valves clamped shut and no part of the mantle or other tissues exposed 
to the environment. The second condition was mantle edge exposure, as 
first noted by by McMahon and Williams (1984), The valves were parted 
slightly ( 1 - 2  mm) and portions of the leading edge of the mantle were 
exposed throughout the complete extent of the gape. In this condition 
no apparent aperture was present between the atmosphere and the mantle 
cavity. The mantle edges were moist or a hardened mucus formed over 
the surface which fused the edges together. On many occasions, the 
mantle was observed to extend back over the edge of the valves so that 
more mantle area was exposed.
The other two behavioral categories of valve movement on emersion 
were less common (Fig. 1). After a prolonged bout of mantle edge 
exposure behavior, the valves would part further, allowing an aperture 
to form between parted mantle edges. This position would be maintained 
for a few minutes and the valves would shut rapidly. This process of 
opening and closing of valves could continue for some minutes and 
seemed to be a form of ventilation. The fourth behavior (rare) was the 
valves parting allowing the foot to extend. While the foot was 
extended, the valves would forcibly shut on the foot, then open and the 
foot would extend further, 1.5 - 2 cm beyond the valve edge. This 
behavior would be repeated until the foot was extended maximally and 
touching the substratum. This was similar to the burrowing behavior of 
Immersed specimens of C_̂  flumlnea and was interpreted as an escape 
behavior.
Although the patterns of behavior varied extensively between 
clams, the general progress of valve movement behaviors commenced with 
a period of valve closure. This lasted from 8.08 - 17.42 h (11.94 +
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1.98; n - 4) at 15°C, 7.20 - 27.55 h at 25°C (15.44 + 3.57; n - 5) and 
when valve movement behavior was noted (in only 3 of 10 cases), from 
0.33 to 6.52 h at 35°C (3.94 + 1.86; n - 3). After the period of valve 
closure, the general pattern was for bouts of mantle edge exposure to 
be interspersed with short periods of "ventilatory" and on occasion, 
"burrowing" behaviors. The duration of this period of valve movements 
was variable, but ranged from 36.16 to 203.59 h (126.31 +35.66; n - 4) 
at 15°C, 64.78 to 93.38 h at 25°C (82.71 + 6.19; n - 5) and from 9.00 
to 27.55 h (18.28 + 9.27; n — 2) at 35°C. Following this period, valve 
movements would cease and valves would shut to the end of the 
experiment or death.
The percent of time each clam spent in each of the behavioral 
categories, combining times spent in "ventilatory" and "burrowing" 
behaviors was determined. These values were averaged for each 
temperature treatment (Table 1), Analyses of variance on transformed 
values (arcsine of square root of the percentage as a proportion) 
showed that there was a significant temperature related effect on the 
relative time spent in the behavioral categories. The most striking 
effect of temperature was the inhibition of valve movements at 35°C. 
Only 20% of clams exposed at 35°C displayed any valve movement 
behavior. Clams exposed at 15° C spent significantly (P < 0.05) less 
time closed and spent more time in the mantle edge exposure behavior 
than those clams emersed at 25°C.
Clams exposed in a nitrogen atmosphere after they had commenced 
valve movements, spent 40.3 + 10.1% (n - 3) of the time with mantle 
edges exposed and 57.0 +7.6 (n - 3) in either "ventilatory" or 
"burrowing" behaviors. After a period of severe hypoxia and during
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Table 1. The effects of temperature on valve movement behaviors in 
emersed fluminea. Values are percentage of emersion period spent in
each behavioral category; ventilatory and burrowing activity were 
combined. Dissimilar letters after values indicate significant 
differences between temperature treatments (One-way ANOVA; Duncan's 
Multiple Range Test; P < 0.05; Arc-sine of square root transformation).
Temperature Valves Mantle Ventilatory and
( C) Closed Edge Exposed Burrowing Behaviors
15 29.5 + 5.9 A 65.8 + 5.5 A 4.7 + 1.7 A
25 51.2 + 4.2 B 43.5 + 3.8 B 5.3 + 0,9 A
35 90.5 + 8.0 C 9,1 + 7,7 C 0 . 4 + 0 . 3 B
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"ventilatory" movements, the chamber was flushed with humidified air. 
This resulted in a significant change in pattern of valve movement 
behavior, in that clams exposed the mantle 84 . 6+1.0% (n — 3) of the 
time and spent 12.1+4,2%  (n — 3) of the time in "ventilatory" 
behaviors.
Heart rate while emersed.
The heart beat rate (f^) of emersed specimens of flumlnea was
highly variable. For an individual clam, f^ could range two-fold over
the course of the experiment. Temperature had a significant effect on
mean f^ (Table 2) with an approximate of 2. As we were interested
in the effects of the various valve movement behaviors on f. , heart
h
rate was measured five minutes before, during the bout of valve
movement, and 5 minutes after the initiation of the behavior for as
many behaviors as were recorded. Because of the individual variability
encountered, the change In f^ was expressed as a fractional change
(Table 3). At 15°C, the occurrence of mantle edge exposure behavior
resulted in an Increase in f^. The onset of the "ventilatory"
behaviors (Fig. 1, categories 3 and 4) caused a similar fractional
increase in f^; however, there was a significant drop in f^ five
minutes after the onset of the behavior. At 25°C, mantle edge exposure
behavior resulted in no significant increase or decrease in f^. The
"ventilatory" behaviors caused an increase in f, similar to that foundh
at 15°C, Following the bouts of "ventilation", f^ declined
significantly, though not to the same extent as at 15°C (Table 2). As




Table 2. Effect of temperature on frequency of heart beat (f^; beats 
. min in emersed C_̂  flumlnea. Values for individual clams were 
averaged and the grand mean (+ SEM) for each temperature is presented 
Dissimilar letters after the values indicate significant differences 
(One-way ANOVA; Duncan's Multiple Range; P < 0.05).
Temperature (°C)
15 25 35
Heart Rate (f, ) 8.4 + 0.8 A 14.7 + 1,8 B 35.8 + 6.4 Cn — — —
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Table 3. Change in heart beat frequency (f^) associated with valve
movements in emersed C_̂  flumlnea. Values are fractional changes in
from 5 minutes before the onset of the behavior and the initial f a n dh
the fractional change from the during the behavior and 5 minutes 
after the end of the behavior. A positive value indicates an increase 
in f^. Asterisks designate values within a temperature/behavior 
category significantly different from one another (P < 0.05).
Temperature Behavioral Categories
Mantle Edge Exposed "Ventilatory/Burrowing"
Behavior
5 mln. before 5 min. after 5 min. before 5 min. after
15°C 0.11 + 0.05 0.10 + 0,12 0.19 + 0.06 -0.35 + 0.07*




Although fifteen attempts were made to record M In clams
2
aerially exposed and to simultaneously record valve movements and f 
only two clams had measurable MQ . This was mainly due to difficulties 
In maintaining reliable electrode readings over a prolonged period 
coupled with the necessarily shorter emersion time of 12 - 18 h.
Despite these difficulties, valve movements were associated with aerial 
0^ uptake. Figure 2 shows the best example of 0^ uptake (pK h 
with the concurrent valve movement and f^ recordings. The pattern 
here, and In the other recordings, is an initial high rate of 0^ 
decline in the chamber coincident with the initial 2 - 3 minutes of 
valve movement, followed by a reduction In oxygen change during the 
period of mantle edge exposure. Further "ventilatory" movements were 
associated with elevated rates of oxygen depletion. Integrated M
2
over periods of valve movements resulted In values of between 11,1 - 
77.5 pM (g ' h)  ̂ (40.4 + 19.6, n — 3) with most of the oxygen 
uptake occurring In short bouts. Values when valves were shut ranged 
from 0 to 0.5 pM 02 (g ‘ h)'1*
Direct Calorimetry.
The pattern of specific rates of heat dissipation (tQ! »>V . g ) 
in emersed specimens of flurolnea consisted of periods of steady 
power output interspersed with short bursts of relatively high (Fig. 
3; Table 4). The peak rates of heat dissipation were between 1.7 and 
9 times the average "basal" aerial rate; however, the duration of these 
peaks was less than one hour and clams had an average of one peak every
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Figure 2. An example of aerial oxygen upcake (M^ ; lower panel) and 
simultaneous recordings of heart beat rate (middle panel) and valve 
movements (upper panel). The initial high rate of oxygen consumption 
is associated with valve opening and may be the result of oxygen 





Figure 3. A. Example of a power time curve for an emersed C_̂  flumlnea 
as measured by direct calorimetry. Note the bursts of higher rates of 
heat dissipation between periods of much lower activity.
B. Part of a record of rates of heat dissipation in an 
emersed specimen of flumlnea exposed in a normoxic and anoxic 


































0 5 10 15 20 25
Exposure Duration (h)
Table 4. Mean values of rates of heat dissipation (mW . g in 
emersed flumlnea. Peak values are maximum rates sustained during
bursts of activity. Mean basal values are average rates of heat 
dissipation measured during periods of no burst activity. Mean Power 
Is the average of all values and approximates the mean energy 
utilization of emersed clams. The asterisks indicate significant 
differences between mean rates of heat dissipation of nitrogen emersed 







m U . g ^
2.55 + 0.29 (12)*
0.65 + 0.12 (12)
1.11 + 0.13 (12)*
0.50 + 0.10 (3)
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7.50 + 0.89 h (n — 12) of emersion ( SEM — 0.89 h ; n - 12). As the 
time Interval between determinations of fcq was uniform, the average 
calculated over the total period of emersion approximates the average 
integrated power output (mW . h . g ^), which Is In energy units ( 1 mW 
h . g  ̂ - 3.6 J . g *■) and so represents the average energy 
expenditure over the period of aerial exposure.
Clams exposed in a nitrogen atmosphere did not display the bursts 
of peak activity noted in clams normoxlcally exposed (Fig. 3). The 
average of emersed clams was not significantly different from the 
"basal" level of normoxic clams (Table 9), but was significantly lower 
than the average ^q ( - average energy utilization) of normoxlcally 
emersed clams.
Aquatic H on reimmerslon.
2
There was a general Increase in aquatic M related to exposure
2
time (ANOVA F—12.66; P < 0.001). However, the effects of aerial 
exposure were not immediate. Initial rates of oxygen consumption were 
not significantly different from control values even after three days 
aerial exposure (Duncan's Multiple Range), but rose significantly (P < 
0.05) from a control value of 61.7 + 5.7 pM (g . h)  ̂ to 135.0 + 18.2
pM (g . h)  ̂ after 5 days emersion (Fig. 4). Values continued to rise
to 186.1 + 8.9 pH (g . h)  ̂ after 6 days exposure.
Although no significant differences were found between initial and
post-one hour values (t-test, paired comparisons), significant 
increases in M were found in post-one hour M values of clams
2 2 i
exposed for 3 or more days (121.0 + 7.8 pM (g . h) after 3 days 
emersion). This was due to reduced variance in the post-one hour
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Figure 4, Rates of oxygen consumption (M ) of C. flumlnea on
2
reimmerslon after periods of aerial exposure. Circles represent 
initial values, within 5 - 15 minutes of the initiation of siphoning 
activity upon reimmerslon. Squares are values measured one hour after 
siphoning activity commenced. The unconnected points represent 
corresponding initial and lh control Mq measurements in tap water 
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group, possibly as a result of the recovery process. Post-one hour 
values rose with time of exposure and reached 188.9 + 7.8 pH (g , h)  ̂
after 6 days eoersion. No mortality occurred between initial and one 
hour relmmersion readings.
By using the commonly utilized oxycaloric equivalent of -450 
kJ/mol (Shick et al., 1988), one can derive an estimate of heat
production from M of aquatic clams. This works out to be
2 -1 -1approximately 27 J ' g h Converting power to energy units, the 
absolute peak values of aerial heat dissipation were around 22 J ' g ^
h or 80% of the aquatic rate. The mean peak was 9,4 J ' g * '
-1 -1 -1 h <34%), the overall mean 4.0 J ' g h (15%) and the basal 2.3 J
' g'1 ■ h'1 (9%).
Ammonia excretion rates
Initial rates of ammonia excretion measured over the first hour of
relmmersion were less than 0.1 pH (g . h) * for the first three days of
aerial exposure (Fig. 5). None of the initial ammonia excretion rates
were significantly different from the control value, 0.209 + 0.035 pM
(g . h) Rates of ammonia excretion averaged over a twelve hour
period showed a rise correlated with duration of aerial exposure (Fig.
5). After one day, rates had Increased to 0.992 + 0.137 pM (g . h) \
significantly (P < 0.05; Duncan's Multiple Range) higher than controls.
Interestingly, mean rates for clams emersed for 2 and 3 days were lower
and not different from control values. Ammonia excretion rates of
clams exposed for greater than three days were higher than controls
. 1reaching mean values of 1.765 + 0.433 pM (g . h) after six days 
emersion (P < 0.05; Fig, 5).
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Figure 5. Rates of ammonia excretion In flumlnea upon relmmersion
after periods of aerial exposure at 25°C. Triangles represent mean 
values in the first hour of re immersion. Circles are mean values 
during 12 h resubmersion. Bars are standard errors of mean values.
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On recovery in water after periods of emersion, there was a time 
lag to maximal ammonia excretion rate of 15 h and then a decline (Fig.
6). No differences were found between excretion rates of clams exposed 
for two or four days. Rates rose from an initial value of 1.03 + 0.21 
pM (g , h)  ̂ for two day emersed clams to 2.02 + 0.24 pM (g . h)  ̂
after 15 hours relmmerslon (P < 0.05). Four day exposed clams showed a 
similar pattern reaching a maximum excretion rate of 1.78 + 0.08 pM (g
. h)"1 at 15 h.
Hemolymph ammonia content during emersion.
Levels of hemolymph ammonia in clams aerially exposed showed no 
Increase until 4.5 days exposure (Fig. 7). Initial concentrations were 
low (0,06 + 0.03 pM.ml  ̂ to 0.24 + 0.14 pH.ml over the first 3.5 
days of emersion. The variation during this period was probably due to 
some clams being under stress, however, no correlation existed between 
exposure time and hemolymph ammonia content suggesting no gradual 
buildup over time. Ammonia levels rose rapidly after 4.5 days emersion 
to probably lethal levels of 8.40 + 4.93 pH.ml  ̂ after 6.5 days (Fig.
7). The large variation in these values, as indicated by the standard 
errors, suggests that as clams became under increasing stress, 
hemolymph ammonia levels rose rapidly prior to death.
Discussion
Corblcula flumlnea displayed a suite of behavioral adaptations to 
emersion. In addition to the mantle edge exposure behavior previously 
described by McHahon (1979) and McMahon and Williams (1984), there was 
also a valve ventilatory behavior and a "burrowing" response. These
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Figure 6. Races of ammonia excretion upon relmmerslon in water after 
two days (circles) and four days (squares) aerial exposure. Values are 
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Figure 7. The time course of accumulation of ammonia in the hemolymph 
of C_̂  flumlnea emersed at 25°C. Values are means of three individuals. 
Bars are standard error of the mean; where bars are not present they 




behavioral responses occupied a larger proportion of the total emersion 
period than had been estimated previously. McMahon and Williams (1984) 
reported a value for the proportion of time exposing mantle edge at
11.St in flumlnea emersed at 20°C. In this study valve movements in 
emersed clams occupied 70 and 49t of the exposure period at 15 and 
25°C, respectively. A similar pattern of valve movement behaviors 
while emersed has been reported for the high estuarlne mangrove 
bivalve, Polymesoda erosa. a close relative of flumlnea.
Ventilation of the pallial air space occurred at irregular intervals 
interspersed with periods of mantle edge exposure and valve closure 
(McMahon, 1988).
These behaviors in flumlnea, seem to be associated with aerial
oxygen uptake (this study, and McMahon and Williams, 1984). However, 
the highest rates of aerial oxygen consumption took place during the 
first few minutes of valve opening in what was referred to as 
"ventilatory" behavior, with lower rates during mantle edge exposure. 
This is consistent with the hypothesis of a periodically renewed, 
mantle cavity oxygen store (McMahon and Williams, 1984). When valves 
first open, the oxygen depleted, mantle cavity gasses mix with those of 
the chamber causing a sudden decline in atmospheric PQ . This pattern 
of periodic oxygen reduction in closed respiratory chambers was also 
noted for emersed specimens of the intertidal mussel Ceukensia demlssa 
(Pamatmat. 1984).
The degree of valve gaping has been associated with observed
differences in aerial V in a number of marine bivalves. Lent (1968)
2
suggested that air-gaping in Ceukensia demlssa was an adaptation for 
air breathing. Non-gaping Cerastroderma glaucum did not have any
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measurable aerial uptake whereas the gaping Cerastroderma edule had
an aerial similar to that in water (Boyden, 1972a). Booth and
Hangum (1976) also demonstrated that Geukensla demlssa could consume
oxygen across gaping valves while emersed. Wlddows et al. (1979) found
that subtldal bivalves (Mytilus edulls and galloprovincialis), which
do not gape when exposed, had aerial rates of oxygen consumption 9 -
17% of the aquatic rate, whereas gaping bivalves (Cerastroderma edule
and Geukensla demlssa) had aerial rates of between 28 and 79% of the
aquatic rate. In general, higher shore inhabitants had higher rates of
aerial 0^ consumption associated with valve gaping, whereas lower shore
clams, which are emersed for short periods, tended to remain closed and
consequently had lower aerial V (McMahon, 1988),
2
Aerial oxygen uptake has also been reported for some freshwater 
bivalves. The unlonid clam, LIgumla subrostrata was reported to have 
aerial oxygen uptake rates of between 21 • 23% of the aquatic rate 
(Dietz, 1974), and the sphaerlld, Sphaerlum occldentale, had similar 
rates of aerial oxygen uptake (Collins, 1967). Heming et al. (1988)
reported that the freshwater mussel, Margaritlfera margar 1tlfera, 
periodically gaped in air with the result that mantle cavity dissolved 
oxygen levels were maintained at approximately half those of immersed 
bivalves.
Emersion of C^ flumlnea in a nitrogen atmosphere seemed to 
stimulate the wider gape response indicative of "ventilatory" activity 
and the higher level of activity was diminished on return to a normoxic 
environment. This observation suggests that clam "ventilatory" 
behaviors have a respiratory function and may act, in addition to the 
more prolonged mantle edge exposure behavior, in helping to maintain
124
some level of aerobic metabolism while emersed. Ventilatory loss of 
CO^ was clearly associated with mantle edge exposure (Chapter 4) as 
well as with uptake as demonstrated here.
Exposed £lumlnea also displayed bursts of heat production 
interspersed among periods of lower "basal" or quiescent activity.
This pattern was qualitatively similar to that found In emersed 
specimens of Cerastroderma edule (Viddows and Shick, 1985) and 
Ceukensia demlssa (Pamatmat, 1984), both of which responded to emersion 
by valve gaping associated with aerial oxygen uptake. Although no 
concurrent measurements of valve movement were made during the 
calorlmetric experiments, these bursts of activity may have been 
associated with muscular actions of valve closure or foot movements. 
However, the duration of the peak activities were too long in 
comparison with the short duration of valve movements. Another 
possibility is that clams were periodically repaying 0^ debts during 
valve gape episodes. Recharging spent phosphagen and ATP stores during 
short periods of aerobic metabolism would result in increased heat 
dissipation rates. After valve closure, there would be a period of 
ever decreasing availability and clams would gradually become
anaerobic, stimulating another bout of valve opening. In nitrogen 
atmospheres, emersed C_̂  flumlnea did not display bursts of heat 
production but maintained a low level of activity similar to the 
quiescent periods during normoxic exposure. This suggests that aerobic 
metabolism during valve opening accounts for the increase In heat 
produc CIon,
In virtually all cases of bivalves which gape while exposed, there 
is a continuation of heart beat during emersion. Heart rate was
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virtually unchanged during emersion in Cerastroderma edule (Boyden,
197?b). Coleman and Trueman (1971) described a distinct bradycardia on
emersion in the marine bivalve, Mytilus edulls, which does not gape
when exposed. However, a gaping bivalve. Modiolus modiolus, showed
less change and continued heart beat activity throughout the emersion
period. There was also no direct effect of valve movement on heart
beat frequency. However, Coleman (1976) found occasional changes in
f^ associated with valve movements in aerially exposed Modiolus
modiolus. Valve closure resulted in suppression of heart activity in
the tropical intertidal bivalve, Isognomon alatus, but while valve
gaping was occurring heart activity continued (Trueman and Lowe, 1971)
All bivalves in which the effects of emersion have been studied
possess a blood (or hemolymph) which has no oxygen carrier. Although
valve gaping is associated with a respiratory function in emersed
bivalves, the importance of circulating blood in the delivery of oxygen
to tissues is not certain. Booth and Mangum (1978) found that only 14%
of (>2 In the blood of Modiolus modiolus was delivered to tissues and
concluded that the circulatory system was not important in this regard.
Increases in heart rate in emersed flumlnea were associated mainly
with the ‘ventilatory" and "burrowing" behaviors. Foot and muscular
movements are facilitated by hydraulic sinuses and Increases in heart
rate may be associated with increased sinus activity. However, if
clams periodically repay 0^ debts while emersed, then increased f^ may
be in response to the momentary Increases in perfusion requirements
during valve opening. Although evidence in Chapter 4 indicates no
difference in hemolymph P of normoxically emersed flumlnea and
2
anoxically emersed or bound clams, if clams were repaying 0^ debts
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while gaping, then any 0^ may be taken up quickly from the hemolymph. 
However, it Is uncertain whether circulating hemolymph in fluminea 
plays a major role in oxygen delivery to deep tissues while emersed, 
but rather may functions as an anatomical fluid and in acid-base and 
Ion balance.
Peak values of aerial heat dissipation approached 80% of the 
aquatic rate (based on oxycaloric equivalent of -450 kJ/mol .
McMahon and Williams (1984) reported that C_;_ fluminea could maintain an 
aerial Oj uptake rate equivalent to 20% of the aquatic rate. The mean 
peak rate of heat dissipation was 34% and the overall mean 15% of 
aquatic rates in this study, which corresponds well to McMahon and 
Williams (1984) data. This suggests that peak rates of heat 
dissipation may be associated with Og uptake and some aerobic 
metabolism, consistent with the hypothesis of periodic 0  ̂ debt 
repayment.
On resubmersion in water, C_̂  fluminea had aquatic oxygen 
consumption rates that were elevated when compared to pre-emersion 
rates. Such repayment of an "oxygen debt" is commonly encountered in 
marine bivalves relmmersed after periods of aerial exposure (McMahon, 
1988; Shick e_t al, . 1988). In general, the size of the oxygen debt 
payment is proportional to the duration of the exposure period (Bayne 
et al.. 1976; de Vooys and de Zwann, 1978; Widdows et al,. 1979;
Uiddows and Shick; 1985). However, even clams that remain relatively 
aerobic while emersed have higher 0^ consumption rates when relmmersed 
(Widdows and Shick, 1985; McMahon, 1988). Resubmerged fluminea 
oxygen consumption rate is not a direct function of exposure time and 
indeed rates are not significantly higher than pre-emersion values
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until after three days emersion. This suggests that, over moderate 
periods of emersion, fluminea can maintain a sufficient level of 
aerobic metabolism resulting in a lower 0^ debt on reimmersion, and 
that a significantly higher rate of 0^ consumption is evident only 
after a prolonged emersion period.
Ammonia does not accumulate in the hemolymph of C_̂  fluminea until 
after three days emersion at 25°C. Mean hemolymph values then rise, 
but this is due to a high ammonia content in individual clams rather 
than to a gradual ammonia increase associated with the emersion period. 
Therefore, the pattern suggests that ammonia rises rapidly in clams 
close to death, and that the gradual Increase in mean values reflects 
the higher proportion of clams under stress as the emersion period 
progresses. In emersed intertidal bivalves, ammonia levels in the 
hemolymph increase steadily with duration of aerial exposure (de Zwann 
et al. . 1983 ; Shick et al.; 1988) and are associated with the degree of 
metabolism while emersed (Shick et al., 1988). In this regard, C . 
fluminea displays a different response; on reimmersion there is a lag 
period before ammonia excretion reaches maximum. Emersed intertidal 
bivalves generally undergo a rapid pulse of ammonia excretion followed 
by a decline to normal levels. Cerastroderma edule had elevated 
ammonia excretion rates on reimmersion but the rates returned to 
control levels within 2 hours (Widdows and Shick, 1985). In Mytllus 
edulls, the "ammonia debt" was repaid within 1 h of reimmersion (de 
Vooys and de Zwann, 1978), Ammonia excretion rates in C_̂  fluminea are 
not related to duration of exposure up to 3 - h days emersion. After 
this, rates are significantly higher and initial rates of excretion are 
also elevated (i.e. the lag time is reduced).
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This pattern of non-accumulation of ammonia during emersion, the 
delay in reaching maximal ammonia excretion rates on reimmersion and 
the lack of a relationship between exposure duration and ammonia 
excretion rate over moderate periods of exposure, suggest that C . 
fluminea has adaptations to emersion which allow it to switch from a 
predominantly protein catabolism (Williams and McMahon, 1985) to one in 
which either the catabolic substrate is non-protein, most likely 
carbohydrate, or that some non-ammonia nitrogenous end-product of 
protein catabolism is formed and stored or excreted. The delayed 
repayment of the ammonia "debt" maybe due to deamination of the stored 
end-product (e.g. alanine as with Mytllus edulis (de Vooys and de 
Zwann, 1978)) or simply the return to a protein catabolic scheme with 
elevated excretion rates concurrent with increased metabolic demand.
Aerial oxygen consumption across exposed mantle edges (McMahon and
Williams, 1984) and by means of ventilatory exchange result in renewal
of oxygen stores in the mantle cavity. Oxygen uptake may be limited to
those tissues in direct contact with the mantle cavity, as hemolymph
Pn is not affected by valve movements (Chapter 4). In addition, valve 
2
movements may play an important role In acid-base balance by releasing 
CO^ during emersion (Chapter 4), a situation similar to the subtidal 
bivalve, Modiolus modiolus (Booth and Mangum, 1978). Mantle edge 
exposure behavior allows clams to remain aerobic by providing a 
constant portal for gas exchange. However, at low relative humidities, 
mantle edge exposure behavior is inhibited (McMahon, 1979; Byrne et 
al., 1988). Under these conditions, clams may remain at least 
partially aerobic by using short bouts of valve gaping, such as the 
"ventilatory" behaviors described here, to rapidly exchange gasses
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without losing much water.
There are sufficient deviations in the responses of C_̂  fluminea to 
emersion as compared to those of the high intertidal marine bivalve to 
Justify an independent evolution of adaptations to periodic emergence 
of this species in particular and the family Corbiculidae in general 
The adaptations of C_̂  fluminea to emersion from a freshwater 
environment are similar (e.g. extensive "gaping" and short tolerance 
time) to those clams exposed for short predictable periods, yet, C . 
fluminea displays other, perhaps novel, adaptations which allow it to 
extend Its survival during the prolonged emergence periods 
characteristic of freshwater habitats. These possible adaptations 
include mantle edge exposure and the switching off of ammonia 
production during emersion.
Although fluminea does not have the emersion tolerance 
capabilities of the more ancient freshwater bivalve families, it is a 
highly successful inhabitant of shallow regions of lakes and streams 
The adaptations that allow fluminea to be successful are associated 
with aspects of its life history strategy. It has been classified as a 
"weed" species (McMahon, 1983a), highly invasive but not very tolerant 
of extremes encountered in its environment. It has a high reproductive 
capacity, is fast growing and can passively relnvade areas from where 
populations had been destroyed (McMahon, 1983a). Adaptations to 
emersion are not necessary for the success of C_̂  fluminea but represent 






Corblcula fluminea is a relative newcomer to the freshwater 
environment and owes much of its adaptations to its recent estuarine 
past (McMahon, 1983a). In many respects this species has managed to 
invade and become a dominant member of the benthic fauna of much of 
North American freshwater bodies despite its relative maladaptiveness 
to emersion when compared to other, more ancient freshwater bivalve 
families. It does not tolerate even moderate periods of aerial 
exposure, notwithstanding behavioral adaptations. Indeed, mantle edge 
exposure behavior does not affect individual calm longevity. Hemolymph 
acid-base balance is not regulated in a way that allows emersed clams 
to maintain a circum-neutral blood pH, although, the valve movements of 
emersed clams have the effect of retarding the progress of the acidosis 
by ventilating CO^. C_̂  fluminea does regulate extracellular sodium and
chloride during emersion while allowing hemolymph osmolality to 
increase twofold within five days exposure. On reimmersion, however, 
there are large losses of calcium. Other freshwater bivalves can 
partially recapture this calcium during hypoxia and, presumably while 
emersed, by means of gill calcium concretions (Silverman et al., 1983), 
which have not been demonstrated in fluminea. Although capable of 
aerial oxygen uptake, prolonged emersion results in an oxygen debt 
repaid on reimmersion.
Some of the responses to emersion, however, appear to be novel a n d  
highly adaptive. Periodic repayment of an oxygen debt while emersed I s  
highly adaptive in that it allows the animal to maintain partial 
aeroblosls. Also, fluminea may switch from an anmonotelic mode of 
nitrogen excretion to one where no ammonia accumulation occurs while
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emersed. On re limners ion, there is a delayed burst of ammonia 
excretion which may be due to deamination of stored non-ammonia 
endproduct, or a switch back to metabolism dominated by protein 
catabolism.
C . fluminea has become successful in freshwater by means of 
adaptations not related to emersion tolerance (Table 1). Most 
freshwater unionid bivalves are long lived and compete highly for 
space. Although they produce many offspring, these undergo an 
obligative parasitic stage so that few actually survive to adulthood.
C ■ fluminea has filled a niche in that it is fast growing, is 
reproductive at a relatively early age and produces many young which 
it releases as well developed juveniles which do not pass through a 
parasitic stage and disperse passively large distances downstream 
(McMahon, 1983a). Thus C_̂  fluminea maintains large populations 
through adaptations in its life history strategy which allow it to 
rapidly reinvade and recolonize unstable habitats from which unionids 
and pisidiids are eliminated (McMahon, 1983a).
Although fluminea represents the low end of emersion tolerance 
among freshwater bivalves, it is highly tolerant when compared to most 
marine intertidal and estuarine clams. As adaptations of C_̂  fluminea 
to emersion are mostly derived from those of its estuarine ancestors, 
the extension of its tolerance and the new adaptations previously 
noted are examples of increased resistance adaptations to aspects of 
the freshwater habitat not encountered in its pre-freshwater 
evolutionary history.
Table 1. Life history characteristics of freshwater bivalve mussel 
Family Characteristics
Unionidae Rapid early growth with slower growth after maturity
Large fecundity (200,000 - 17,000,000) with low 
effective fecundity because of obligate juvenile 
parasitic stage 
Small juveniles (< 300 tun)
Juvenile survivorship low 
Adult survivorship high 
Long life span (6 - 100 years)
Large adult size
Late maturity ( 1 - 6  years)
Pisiidae Slow growth before and after maturity
Very low fecundity (1 - 130)
Large juvenile > 1000 pun
Juvenile and adult survivorship high
Life span 1 - 5  years
Adult size small (20 - 30 mm)
Early maturity (< 1 year)
Corbiculidae Rapid growth before and after maturity 
Fecundity high (35,000)
Small juvenile, 250 pm
Juvenile and adult survivorship low
Short life span (1 - h years)
Adult size small (< 50 mm)
Early maturity (< 1 year)
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